Abstract Here we examine the structure of the various types of spine synapses throughout the animal kingdom. Based on available evidence, we suggest that there are two major categories of spine synapses: invaginating and noninvaginating, with distributions that vary among different groups of animals. In the simplest living animals with definitive nerve cells and synapses, the cnidarians and ctenophores, most chemical synapses do not form spine synapses. But some cnidarians have invaginating spine synapses, especially in photoreceptor terminals of motile cnidarians with highly complex visual organs, and also in some mainly sessile cnidarians with rapid prey capture reflexes. This association of invaginating spine synapses with complex sensory inputs is retained in the evolution of higher animals in photoreceptor terminals and some mechanoreceptor synapses. In contrast to invaginating spine synapse, non-invaginating spine synapses have been described only in animals with bilateral symmetry, heads and brains, associated with greater complexity in neural connections. This is apparent already in the simplest bilaterians, the flatworms, which can have well-developed noninvaginating spine synapses in some cases. Non-invaginating spine synapses diversify in higher animal groups. We also discuss the functional advantages of having synapses on spines and more specifically, on invaginating spines. And finally we discuss pathologies associated with spine synapses, concentrating on those systems and diseases where invaginating spine synapses are involved.
Introduction
A synaptic spine can be defined simply as a chemical synapse formed at the end of a specialized protrusion/ protuberance on the shaft of a neuron process, most commonly a dendrite. Such a relatively basic cell process can be formed by animal cells under different circumstances. For example, this can be seen in the formation of the bacterial pedestal (Fig. 1) . In mammalian cells, pathogenic bacteria readily induce the formation of an actin-based spine-like structure, the pedestal, which the bacteria use for adhesion to the cell surface (Goosney et al. 1999; Campellone and Leong 2003) . So a spine synapse is a combination of two things, i.e., the function of a chemical synapse (1) is modified by placing it at the end of a cell protuberance (2). The basic structure of synaptic spines was established early in evolution and appears to be roughly the same in all animal groups, but they have been studied best in mammals. Typical spines have a head and narrower neck region and project from the sides of dendrites (Gray 1959; Coss and Perkel 1985; Peters et al. 1991; Harris and Kater 1994; Sorra and Harris 2000; Harris and Weinberg 2012; Frotscher et al. 2014) (Fig. 1) ; spines also may project from a neuron cell soma (Peters et al. 1991) . They broadly come in three basic shapes: (1) large, mushroom spines with enlarged head regions, (2) short, stubby spines without a clearly defined neck, and (3) thin spines with a relatively slender head and neck ( Petralia et al. 2014) . In addition to the actin core (Dent et al. 2011; Racz and Weinberg 2013; Chazeau and Giannone 2016) , synaptic spines contain a few other typical components that can only be described briefly in this review. The postsynaptic portion of the spine has a postsynaptic density (PSD) containing the scaffolding and regulatory proteins associated with the neurotransmitter receptors and other membrane proteins of the postsynaptic membrane (PSM) (for more information, see for example, Zheng et al. 2011; Emes and Grant 2012; Harris and Weinberg 2012; Sala and Segal 2014; Chen et al. 2015) . Typically, spines also contain some portions of endoplasmic reticulum and endosomes/endosomal vesicles and occasionally singular ribosomes and polyribosomes (Spacek 1985; Peters et al. 1991; Cooney et al. 2002; Sorra and Harris 2000; Petralia et al. 2001; Harris and Weinberg 2012; Horak et al. 2014; Lichnerova et al. 2015) . Microtubules may enter spines under certain circumstances and may be important for neuronal plasticity (Hoogenraad and Bradke 2009; Hoogenraad and Akhmanova 2010; Dent et al. 2011) . Mitochondria generally are excluded from most kinds of spines, but are present in some specialized spines (Peters et al. 1991; Sorra and Harris 2000; Harris and Weinberg 2012) . However, many postsynaptic processes are difficult to classify as spines versus dendrite branches. In some of these cases, it is difficult to distinguish a profile of a spine in an electron micrograph from a cross or oblique section through a thin dendrite or other neurite; postsynaptic profiles that are filled with many microtubules (cut in cross/ oblique section) can be considered definitive dendrite shafts, but often this is not evident in published micrographs. This is especially true for little studied animals or neural circuits. In other cases, the postsynaptic processes are the smallest terminal branches of dendrites and can appear spine-like in micrographs, e.g., in the vertebrate retinal ribbon synapse or the terminal dendritic claws of cerebellar granule cells (Shepherd 2004; Sterling and Demb 2004) . Other dendritic protuberances such as the thorny excrescences of the CA3 region of the hippocampus are very large, branching and filled with many organelles (Johnston and Amaral 2004) ; they are considered to be complex, branched spines, but are they actual spines or highly modified dendritic branches. These varied spine-like structures defy easy classification as definitive spines or definitive dendrite shafts and probably there is some continuum between them; they are not prototypes to spines, but are fully functional postsynaptic processes that function much like idealized spines.
In this review we will examine the diversity of morphology of both definitive synaptic spines and a variety of synaptic spine-like processes, considering their origins in the simplest animals and their variety among various invertebrates and vertebrates (Table 1) . And we will suggest that spine synapses can be divided into two functional types-invaginating and non-invaginating, with the former appearing first in the evolution of the animal nervous system, and the latter appearing with the first brains ( Fig. 1 ). We will concentrate on these points; other excellent reviews already provide more detailed coverage Fig. 1 a Animal cells can be induced readily to form an actin-filled projection. In this case, pathogenic bacteria have induced intestinal epithelial cells to form actin-filled bacterial pedestals for attachment of the bacteria. b A typical synaptic spine is basically a chemical synapse projected from the end of an actin-filled projection. All animals with nervous systems have chemical synapses that are formed with a presynaptic terminal (pre; synaptic vesicles are illustrated as black circles) directly on a dendrite shaft or other postsynaptic structure such as a soma, but without an intervening spine. Spine synapses include invaginating ones that are found in simple animals without brains, the Cnidaria, as well as in several examples from higher animals with brains (Bilateria). Non-invaginating spine synapses are common in many bilaterians; typical kinds include thin spines and mushroom spines. See text for details. Note: that all postsynaptic structures in all of the figures are colored blue (Color figure online) on general synapse structure and molecular biology (Newpher and Ehlers 2009; Harris and Weinberg 2012; Bailey et al. 2015) , spine actin dynamics and spinogenesis (Dent et al. 2011; Bosch et al. 2014; Bellot et al. 2014; Sala and Segal 2014; Chazeau and Giannone 2016) , and general evolution of synapses (Emes and Grant 2012) .
Invaginating Spine Synapses in Early Animal Evolution
Were the First Synaptic Spines Invaginating Projections? Porifera A definitive nervous system and synapses are found in only two of the four simplest metazoan/multicellular animal groups, the Ctenophora or comb jellies and the Cnidaria, which includes jellyfish, sea anemones, corals, and hydroids. The other two groups of simple metazoans, the Placozoa and Porifera (sponges), can exhibit some simple coordinated motions/behaviors, but lack any clear evidence of definitive neurons and chemical synapses (Mackie et al. 1983; Nickel 2004; Ellwanger et al. 2007; Jorgensen 2014; Smith et al. 2014 Smith et al. , 2015 Leys 2015; Ryan and Chiodin 2015) . Yet both groups have some cells with elongate processes that resemble neurons, at least superficially (Jorgensen 2014; Smith et al. 2014; Leys 2015) . Some cells in the mesenchyme of the sponge, Tethya lyncurium have ''bouton''-like structures resembling presynaptic terminals at the end of some of the elongate cell processes, and also have spine-like structures that can project from the sides of the elongate cell processes. Both the bouton-like and spinelike structures invaginate into the sides of other cells (Pavans de Ceccatty 1966) . Invaginating projections are common in the nervous system of most kinds of animals, including many kinds that are directly associated with synapses, but in most cases, they are not definitive synaptic spines, simply because they do not form a direct chemical synapse with a presynaptic process; and except for this one example in sponges, they will not be described in this review (we have reviewed these structures in detail previously; Petralia et al. 2015) . While many of these invaginating projections are rather small structures, in some cases, the entire synaptic spine can be an invaginating projection into the presynaptic terminal. In this sponge, the spine-like invaginating structures project from a main shaft that is filled with parallel filaments about the size of actin filaments. In the micrograph shown in the paper (Fig. 28 in Pavans de Ceccatty 1966; see also illustrations in Petralia et al. 2015) , a few of these filaments appear to extend up into the spine-like structure, which also contains some irregular vesiculate organelles. The cytoplasm of the opposing cell (a scleroblast) contains a variety of vesicles and vesiculate organelles near the invaginating spine-like structure, with at least one small vesicle appearing to contact the opposing membrane (i.e., that is across the ''cleft''), and a mitochondrion also is adjacent to this contact point. We cannot rule out that such spine-like structures have only a mechanical function in sponges, but if they do represent some kind of early evolved synaptic spine precursor, it is curious that the first ones would be invaginating structures. Invaginating projections may have a number of different functions, not directly related to definitive chemical neurotransmission . Notably they form an efficient means to isolate the transfer of a chemical signal from one cell to another, i.e., there is less chance of spillover of the chemical messenger if it is confined to an invagination.
Ctenophora and Cnidaria
Synapses are well developed in the two groups of simple metazoans with nervous systems, the Ctenophora and Cnidaria. These groups show a wide variety of synaptic structure and arrangement (Hernandez-Nicaise 1973; Westfall 1996) ; synapses in both groups include those that are one-way (asymmetrical polarity), two-way (symmetrical polarity), and reciprocal (adjacent, opposite synapses). Note that one-way synapses, of course, became the preferred type in all higher animal groups, with reciprocal synapses fairly widespread also; two-way synapses may be rare in higher animal groups (possible two-way synapses have been described in some crustacea ; Hama 1961; Hamori and Horridge 1966) . Some recent studies have suggested that the Ctenophora and Cnidaria have evolved separately, and thus have separate origins for their nervous systems (Moroz et al. 2014; Moroz and Kohn 2016) , but this is still controversial (Pisani et al. 2015; Arendt et al. 2016) . Indeed, ctenophores may lack many of the common neurotransmitters found at the synapses of Cnidaria and higher animals, such as acetylcholine, serotonin, dopamine, and norepinephrine, but they do utilize glutamate and glycine as do other animals (Moroz et al. 2014; Alberstein et al. 2015; Moroz and Kohn 2016) . Ctenophores show an unusual synaptic ultrastructure called a presynaptic triad, with a row of vesicles lining the presynaptic membrane, followed by a flattened sac (cistern) of endoplasmic reticulum (ER; connected to the rough ER of the neuron), and one or more mitochondria (HernandezNicaise 1973) . However, this is not entirely a unique structure; the cnidarian jellyfish, Cyanea capillata (Anderson and Grunert 1988) , has two-way synapses that have a similar triadic structure, thus resembling those of Ctenophora (Hernandez-Nicaise 1973) . Definitive spine synapses do not seem to occur in the Ctenophora. However, synapses do appear to form on a spine-like structure at the base of colloblasts (Franc 1978) . Colloblasts are specialized adhesive cells on the surface of tentacles and are used for prey capture; they are pearshaped with an expanded peripheral part and a slender, deep basal portion ending in a cone-shaped root structure. Colloblasts are similar in many structural and functional ways to the nematocytes/cnidoblasts of cnidarians (Franc 1978) . The synapse onto the colloblast is described for four species from different genera (Franc 1978) although illustrated only for one of them, Pleurobrachia rhodopsis. The synapse forms on a spine-like expansion (not invaginating) of the basal membrane near the root structure. The micrograph (figure 14 in Franc 1978) of this expansion shows little evidence of cytoplasmic structures, so possibly the enlarged size of this structure is somewhat artifactual. Also, while Franc (1978) implies that this synaptic spine- Ceccatty (1966) like structure is present in the four different species studied, Benwitz (1978) illustrates this synaptic contact in Pleurobrachia pileus and shows only a small protuberance rather that an enlarged expansion of the postsynaptic membrane.
Synapses in cnidarians are well developed and include a variety of structures as noted above (Westfall 1996) , and these appear to utilize a wide array of neurotransmitters including serotonin, dopamine, norepinephrine, GABA, glutamate, acetylcholine, and neuropeptides such as RFamide and vasopressin (Koizumi et al. 2004; Westfall 2004; Oliver et al. 2008; Marlow et al. 2009; Kelava et al. 2015; Arendt et al. 2016) . In spite of the wide variety of synapse types, there do not appear to be any conventional spine synapses. However, Holtmann and Thurm (2001) show a micrograph of a postsynaptic afferent ending that appears to be a spine invaginating into a ''concentric'' sensory hair cell of a spherical end-knob of a tentacle of the hydroid (hydra-like), Coryne tubulosa (Holtmann and Thurm 2001) . In addition, in this species, the stinging cells or nematocytes (another type of sensory hair cell; Oliver et al. 2008 ) have a basal invagination called a ''basal tunnel'' with a bundle of 10-20 neurites that may be in synaptic contact with the nematocyte (Holtmann and Thurm 2001) . Holtmann and Thurm (2001) note that the latter structure somewhat resembles the invaginating synaptic complex of vertebrate photoreceptors (see later in this review); however, the ''presynaptic'' nematocyte here contains only a single large vesicle, and the neurites appear to be en passant contacts and not spines. More definitive invaginating synaptic spines project from photoreceptor cells of the upper and lower lensed eyes of several species of cubozoans (cubomedusae; Yamasu and Yoshida 1976; Gray et al. 2009) (Fig. 2a) . These eyes are developed to an incredible extent, resembling the complex eyes of higher invertebrates, with cornea, lens and three-layered retina (vitreous, pigmented, and nervous layers). The region containing these invaginating spine synapses bears a number of common neurotransmitters including RFamide, glutamate, serotonin, and GABA (Martin 2002) . Overall spine diameter ranges from 0.08 to 0.23 lm with an average of 0.154 lm (Gray et al. 2009 ). In long section, the one illustrated in Yamasu and Yoshida (1976) resembles a typical spine with enlarged head and short neck and is about 0.25 lm long. In this study, the postsynaptic spines originate from neurites and invaginate into sensory cells (presumably the photoreceptor cells); both pre-and postsynaptic membranes are thickened and the presynaptic vesicles are about 80 nm in diameter. In contrast, illustrated examples cut length-wise in Gray et al. (2009) are more elongate with straight sides and a slightly enlarged head, and are about 0.5 lm long (the longest is 629 nm). In the latter study, pre-and postsynaptic cells were not often identified, but putative photoreceptor cells could be either presynaptic (invaginated) or postsynaptic (invaginating) or both for adjacent putative photoreceptor cells, and neurites could be presynaptic to the spine. As many as three invaginating spines are found in a single process although most have only one visible in sections. As for Yamasu and Yoshida (1976) , both pre-and postsynaptic membranes of invaginating spine synapses described by Gray et al. (2009) are thickened. Some non-invaginating postsynaptic processes also are present, but are not described in detail by Gray et al. Finally , at least one other cnidarian may have invaginating spine synapses (see Fig. 6 in Singla 1978) . Fig. 2 Invaginating spine synapses typically form with the photoreceptor (retinal) terminals of animal eyes. a Invaginating postsynaptic processes in photoreceptors of cubozoan jellyfish. a1 In the example on the left, the invagination is between the sides (lateral membranes) of two putative photoreceptor cells, while the example on the right illustrates two postsynaptic spines invaginating into the base of a photoreceptor cell. a2. This is a cross section through the invaginating spine. Note the two dense rings representing the pre-and postsynaptic membranes, and the single row of large presynaptic vesicles (arrowhead; Gray et al. 2009 ). b In the octopus, several postsynaptic spines will invaginate into a large photoreceptor terminal (Dilly et al. 1963; Case et al. 1972) . c The Atlantic hagfish, Myxine glutinosa, possesses the simplest kind of invaginating synapses among vertebrate photoreceptor synapses. The large spine-like processes have mitochondria and several active zones with PSDs, but seem to lack presynaptic dense bodies (Holmberg 1970; Holmberg and Ohman 1976) . d Other kinds of hagfish, such as the Pacific hagfish, have presynaptic vesicles surrounding spherical synaptic bodies (two of the variations in synapses are shown in d1 and d2; Holmberg, 1971; Holmberg and Ohman 1976) . s. presynaptic body; m. postsynaptic membrane; dve, dense-cored vesicle; R, photoreceptor terminal filled with synaptic vesicles (letters have been superimposed over the letters of the original micrograph, for clarity). e Lampreys (Lampetra fluviatilis) are the simplest fish to show the characteristic, vertebrate elongate, ribbon synapse, typically contacting two postsynaptic processes (but probably from one to three); occasionally, a more plate-like ribbon profile (middle one; asterisk) is seen in sections (Holmberg and Ohman 1976) . f Invaginating postsynaptic processes (two from horizontal cells and one from a bipolar cell) at a cone cell ribbon synapse in the retina of the macaque monkey, Macaca fascicularis (Haverkamp et al. 2000) . g The invaginating synapse in the photoreceptor of the wolf spider resembles those of vertebrates, including a rod or ribbon-like structure in the presynaptic terminal (Trujillo-Cenoz and Melamed 1967) . The postsynaptic processes also extend some thinner processes deeper into the presynaptic terminal and these are surrounded closely by presynaptic vesicles; but it is not certain whether these thinner processes (spinules) form definitive synapses or not (see Petralia et al. 2015 for a detailed discussion on various kinds of invaginating projections that are not described in this review). (mitochondria are colored green, and a multivesicular body is colored pink; prem = the presynaptic membrane that is invaginated by the postsynaptic process). Drawings in all figures are original and based on micrographs and illustrations from works published by other authors, and described in the text. The micrograph in a2 is figure 3B from Gray et al. (2009; Biol. Bull. 217:35-49) , reprinted with permission from the Marine Biological Laboratory, Woods Hole, MA (and from Dr. R.A. Satterlie); that in d2 is a reprint of Figure 11 from Holmberg (1970) ''Life is a beautiful magnificent thing, even to a jellyfish'' (Sir Charles Spencer ''Charlie'' Chaplin, from Limelight, 1952).
The discussion above shows that only a few examples of spine synapses appear to be present among the many kinds of simple metazoans. Why do spine synapses form in only these select cases? What do they have in common? These cases seem to involve relatively rapid responses and complex behaviors, at least in comparison to most responses and behaviors of simple metazoans.
First, we noted that the sponge, Tethya lyncurium, has spine-like invaginating processes growing off of elongate, neurite-like processes (Pavans de Ceccatty 1966) . Sponges generally are regarded as sessile, quiescent animals. However, those in the genus Tethya are unusually active. They show rhythmic body contractions (spreading at 12.5 lm/s; Nickel 2004), respond to stimuli, and can even walk on ''feet'' (podia)! In the wild, Tethya sponges can move 5-8 cm per week, often either moving toward or moving away from other Tethya sponges in the vicinity (Fishelson 1981) . Contractions in Tethya can be induced by a number of neuroactive substances and especially GABA and to a lesser extent, glutamate; these probably activate a metabotropic glutamate/GABA-like receptor known to occur in sponges (Ellwanger and Nickel 2006; Ellwanger et al. 2007 ).
In the Ctenophora, Franc (1978) noted a possible spinelike synaptic structure (although not invaginating) at the base of the colloblast of four kinds of ctenophores. Colloblasts are utilized as part of the mechanism for prey capture in ctenophores, so this might be a case where rapid neural control of cell function is beneficial.
The two kinds of Cnidaria, cubomedusae and hydroids, in which invaginating spine synapses have been described so far, seem at first to be very different. The cubomedusae have invaginating spine synapses ( Fig. 2a ) associated with the receptors of their highly complex eyes that resemble those of higher animals. These eyes may be involved in many advanced behaviors such as avoiding obstacles, active prey capture (even of fish), and complex mating behaviors (Coates 2003; Martin 2004; Nilsson et al. 2005; Parkefelt et al. 2005) . In contrast to the studies of cubomedusae, the other study where we have noted an invaginated, spine-like synapse concerns an afferent neurite terminal on a sensory hair cell on tentacles of a hydroid, Coryne tubulosa (Holtmann and Thurm 2001) . Hydroid polyp forms lack the eyes found in medusa (jellyfish) forms and have comparatively simple nervous systems; most are sessile, passive feeders. In contrast, a couple of kinds of polyps including Coryne show active prey capture behavior; when the polyp senses prey it bends itself toward the prey with a quick jerk of the body (Tardent and Schmid 1972; Miglietta et al. 2000) .
Do Invaginating Spine Synapses in Higher Animals
Also Support Relatively More Active and Rapid Sensory Responses?
The spine synapses in the first animals may have evolved in response to development of more active and rapid responses to sensory stimuli. Interestingly, these first spines invaginate into the presynaptic process, with the most definitive examples associated with the most highly complex sensory structure known in simple animals-the lensed eyes of cubozoan cnidarians. Are there examples of invaginating spine synapses associated with advanced vision and other such fast sensory/response systems in higher animals? Indeed, there are examples in a number of higher taxa of animals, especially in some mollusks and vertebrates.
Mollusca
In mollusks, examples of invaginating spine synapses are associated with the gill-withdrawal reflex, a rapid reaction to danger, of the sea hare, Aplysia californica (a gastropod), and for the octopi and squid (cephalopods), both in association with balance and hearing and with their highly complex eyes and vision. The invaginating spine synapses associated with the gill-withdrawal reflex of Aplysia (Bailey and Thompson 1979; are roughly similar in size or slightly larger, and similar in structure to those that we described above in cnidarians. Both regular, flat synaptic contacts, which may be spines in many cases, and the invaginating spine (indented) contacts are formed with the mechanoreceptor sensory neuron terminals; the invaginating ones have about twice the number of presynaptic vesicles. The authors suggest that the invaginating spine synapses are more effective and are formed in association with learning plasticity in the animal's defensive gill-withdrawal reflex. In the macula of the octopus (Octopus vulgaris) statocyst (organ of balance and hearing; Budelmann and Thies 1977; Colmers 1977; Budelmann et al. 1987; Kaifu et al. 2008) , postsynaptic spines invaginate into the receptor hair cell base up to 1.5 lm (maximum diameter of 0.3 lm; Budelmann and Thies 1977) (Fig. 3a) . These spines can be relatively straight or have an enlarged head. The best developed invaginating spine synapse may be in the photoreceptor terminals from the eyes of squid (Cohen 1973) and octopi (Dilly et al. 1963; Case et al. 1972) . In particular, the large, carrotshaped photoreceptor terminals in octopi may contain several invaginating spines (Fig. 2b) .
Chordata/Vertebrata
There are remarkably close parallels between the invaginating spine synapses associated with balance/hearing and vision in mollusks and vertebrates; in both groups of animals, the invaginating synapses enter either the base of the mechanoreceptor hair cell (balance/hearing) or the photoreceptor cell's enlarged presynaptic terminal (vision). The striking difference between these synapses in mollusks versus vertebrates is the presence of a presynaptic ribbon structure that anchors and organizes the synaptic vesicles in vertebrate balance/hearing and vision receptor cell presynaptic terminals; ribbon synapses have not been described in the mollusk versions of these synapses. Invaginating spines forming synapses with synaptic ribbon structures (usually they form more oval synaptic body structures rather than elongate ribbons) are found in the hair cells of some vertebrates. They can be common during postnatal development of mouse cochlear inner hair cell synapses (Sobkowicz et al. 2003) . Similarly, invaginating spine synapses can form during a mid-synaptogenesis developmental stage of inner ear hair cells in the embryonic chicken (Whitehead and Morest 1985) . They also appear in hair cell synapses in the inner ear of the adult chicken (Tanaka and Smith 1978) (Fig. 3b) , although other studies using different breeds (and ages) of chickens illustrate indenting/partially invaginating postsynaptic processes of afferent fibers but do not describe fully invaginating ones (Hirokawa 1978; Fischer 1992) . Takasaka and Smith (1971) note that afferent processes ''occasionally make small invaginations'' into the hair cells of the adult pigeon, although they do not illustrate this phenomenon; however, they do show partial invagination of a presynaptic efferent terminal into a hair cell. Images in Hamilton (1968) show invaginating postsynaptic processes in some vestibular hair cells of the adult rat, but it is not clear whether these are really involved directly in a synaptic connection . The formation of invaginating spines in the hair cell synapses of the mouse ear in early postnatal development, as described above (Sobkowicz et al. 2003) is paralleled by a similar formation of invaginating spine synapses in the next synapse in the hearing neural pathway. Thus, in early postnatal development of the cat, giant endbulbs of Held, formed by peripheral auditory fibers in the anteroventral cochlear nucleus, are invaginated by spines from the postsynaptic spherical bushy neurons; these invaginations are large at birth and lost gradually over the first three weeks of postnatal development, leaving only flat or slightly indented synaptic contacts (Ryugo et al. 2006; Baker et al. 2010) .
Evidence of the evolution of the invaginating spines in hair cells may be found in the ascidians or urochordates (sea squirts), which are a group of invertebrate chordates and probably close to the ancestors of vertebrates (Burighel et al. 2003) . The colonial ascidian, Botryllus schlosseri, bears a ''coronal organ'' that contains hair cells and appears to be homologous to the vertebrate acoustic-lateralis system (i.e., hearing, balance and lateral line sense in vertebrates). Afferent terminals, typically in groups of two or more (and sometimes with presumed efferent terminals) invaginate into a pocket at the base of the hair cell (Fig. 3c) . The presynaptic side has clear and dense-cored synaptic vesicles, but no synaptic ribbon structure (Burighel et al. 2003) . It is curious that at least one cnidarian, as described earlier, has a group of neurites in a hair cell ''basal tunnel'' that looks at least superficially like the basal hair cell pocket described here; and similarly, both of these look superficially like the basal neurite-filled pocket in many vertebrate photoreceptor cells, described below. This suggests some kind of common functional organization for neurotransmission in these sensory cells.
In contrast to those of vertebrate hair cells, postsynaptic processes in the photoreceptor (rods for sensitivity and cones for color vision) terminal synapses of vertebrates often invaginate into the enlarged terminals in the outer plexiform layer of the retina. The invaginating processes in cones are the ends of dendrites of horizontal and bipolar neurons and form tetrads or triads of postsynaptic processes around the ribbon synapse (Sterling and Matthews 2005) . (Budelmann and Thies 1977) . a2 is a cross section of one of the invaginating spines shown in a1; note the two dark rings surrounding the postsynaptic process (pp), representing the pre-and postsynaptic membranes, and the surrounding cluster of presynaptic vesicles in the hair cell (HC) (red letters have been superimposed over the black letters of the original micrograph, for clarity). b Invaginating postsynaptic processes in the hair cells of the inner ear of the chicken. The synaptic bodies are round or oval; the bottom structure is a definitive spine synapse, while the upper two structures are deeply invaginating processes that may also act as definitive synapses, but the synaptic contacts are not distinctive in this example (Tanaka and Smith 1978) . c Hair cells of the coronal organ of the colonial ascidian or tunicate, a simple chordate (vertebrates also are chordates). Note how several processes form together in an invaginating pocket at the base of the hair cell (reminiscent of the complex of processes at the base of mammalian rods and cones of the retina). The larger postsynaptic afferent process with a mitochondrion (in green) forms opposite a few presynaptic vesicles including a couple with dense cores. Other processes in this complex include a couple of presynaptic efferent terminals forming synapses with the postsynaptic afferent process and hair cell base, as illustrated (Burighel et al. 2003) . (mitochondrion is green, and nucleus of hair cell is yellow; prem = the presynaptic membrane that is invaginated by the postsynaptic process). The micrograph in a2 is a reprint of Figure 2D from Budelmann and Thies (1977) with permission from Springer Publishing Company (Color figure online) Neuromol Med (2016) 18:497-539 505 These invaginating processes typically have few if any organelles except some vesicles and flocculent material (Blanks et al. 1974; Fisher and Boycott 1974; Kolb 1977; Dacheux and Raviola 1982) , and thus appear to be spinelike although most authors do not call them spines. Sterling and Mathews (2005) do call the horizontal cell processes in both rod and cone terminals, ''spines.'' Note that rod terminal horizontal processes originate from the horizontal cell axon, identified by the neuron's general structure; however, this axon does not have action potentials and its terminal arborization may behave in some ways as an independent structure (Nelson et al. 1975; Sterling and Demb 2004 ; the complexities of these interactions are beyond the scope of this review). As we noted for mollusks, the degree of invagination of processes into photoreceptor terminals could be associated with synaptic plasticity. In the cone cell terminals of the turtle, Pseudemys scripta elegans, the invaginating processes are extensive in dark-adapted turtles and greatly reduced after light exposure; the degree of invagination also is temperature dependent (Schaeffer and Raviola 1976) . A similar phenomenon has been studied in more detail for fish retinal spinules; these elaborate, thin processes are smaller than true synaptic spines and extend from horizontal cell dendrite processes in the cone cell terminals of fish; a large number of studies have looked at their plasticity in response to light and to a wide variety of neuroactive substances (reviewed in Petralia et al. 2015) . Finally, note that in addition to invaginating synapses in photoreceptor terminals of the outer plexiform layer of the retina, synapses in the inner plexiform layer of the retina can have invaginating spines or spine-like postsynaptic processes (Dubin 1970; Wässle et al. 1995) . The early evolution of the vertebrate retinal ribbon synapse with its invaginating postsynaptic processes is not well understood. Structural and functional studies of the retinal synapses in the most structurally primitive living vertebrates, the cyclostomes or agnathans (hagfish and lampreys), may provide clues to this evolution. The simplest eyes and corresponding retinal structures are found in the hagfish (and probably larval lampreys), while the eyes and retinal structure of adult lampreys are more similar to the general pattern of other vertebrates, as described in the previous paragraph (Lamb et al. 2007 (Lamb et al. , 2008 . The exact phylogenetic relationships between hagfish and lampreys is controversial, with some authors suggesting that hagfish are more primitive (Lamb et al. 2007 (Lamb et al. , 2008 and others considering hagfish structural simplifications to be the result of degeneracy (Heimberg et al. 2010) , but this problem is beyond the scope of this review. The retinal photoreceptor synapses of the Atlantic hagfish, Myxine glutinosa, are the simplest, lacking any kind of presynaptic ribbon or similar dense structure; postsynaptic processes are large invaginating structures, with either few or with many vesicles and often with mitochondria (Holmberg 1970 (Holmberg , 1971 Holmberg and Ohman 1976) (Fig. 2c ). Other kinds of hagfish have similar invaginating postsynaptic processes but also have distinctive round, synaptic bodies surrounded by the presynaptic vesicles (Holmberg 1971; Holmberg and Ohman 1976; Lamb et al. 2007) (Fig. 2d) . Finally, lamprey photoreceptor synapses (Fig. 2e ) mainly resemble those of jawed vertebrates ( Fig. 2f ) with long synaptic ribbons (rod-like in profile in micrographs) apposing small, postsynaptic processes (typically two); however, occasional synapses have plate-shaped ribbons resembling the round synaptic bodies found in hagfish (Holmberg and Ohman 1976; Lamb et al. 2007 ). Hagfish probably lack vision although they can respond to light, and this accounts for their rather simple retinal synaptic structure; their eyes are believed to act as nonvisual receptors similar to the pineal organ of other vertebrates. Interestingly, the pineal and related organs of vertebrates also have definitive ribbon synapses (Vigh et al. 2002) ; typically, the synaptic contacts are flat, but in some cases, there are distinctive invaginations of the dendritic postsynaptic processes (Oksche and von Harnack 1963; Kelly and Smith 1964) . Another structure associated with photoreception is the suprachiasmatic nucleus (Güldner 1976) ; it receives input from the retina, controls circadian rhythms, and regulates melatonin secretion by the pineal (Benarroch 2008) . It has some interesting ''spine-like protrusions'' that invaginate into presynaptic terminals; these terminals have round and flat vesicles and form symmetric synapses with the protrusions; and there are 5-10 dense projections (60-80 nm) on the presynaptic membrane. Thus, it appears that the evolutionary design of photoreceptor synapses of vertebrates includes consistently both ribbon synapses and associated invaginating postsynaptic dendritic endings or spines. The unique hagfish photoreceptor synapse, with invaginating processes but lacking definitive ribbons, may represent an intermediate evolutionary stage between ancestral invertebrate and vertebrate designs, but it may also be just a consequence of degeneracy in vertebrate evolution, as noted above.
Arthropoda
The high complexity of the advanced visual systems seen in mollusks and vertebrates also is present in arthropods; this includes both simple eyes and compound eyes that can have thousands of separate photoreceptor units (ommatidia). However, these eyes have relatively few examples of invaginating spine synapses. The photoreceptor synapse structure of arthropod eyes is remarkably similar to that of vertebrate eyes, typically with presynaptic vesicles surrounding a synaptic bar or ribbon and two or three postsynaptic processes (Trujillo-Cenoz 1965) . In the wolf spider, Lycosa erythrognata or L. thorelli, the bar has a rod-like profile in sections (Fig. 2g) , similar to the synaptic ribbon of vertebrate retinal photoreceptors (Fig. 2f ), while it is T-bar shaped in flies (Trujillo-Cenoz 1965; TrujilloCenoz and Melamed 1967) . Among spiders, wolf spiders are active hunters with particularly good vision; similarly, most of the familiar kinds of flies have excellent vision. In fact, flies and mammals have a very similar pattern of circuitry for motion vision (Borst and Helmstaedter 2015) . A variety of processes can invaginate into the photoreceptor terminal of arthropods. Perhaps the most well known are the capitate projections in fly eyes, but these are projections from glial cells (Trujillo-Cenoz 1965; Petralia et al. 2015) . There also can be various non-synaptic invaginating projections derived from the postsynaptic processes; most of these probably are not true synaptic spines because they appear to lack a definitive active zone of neurotransmitter release (Trujillo-Cenoz 1965; TrujilloCenoz and Melamed 1967; Hafner 1974 ). An analogy to these are the fish retinal spinules mentioned above. True invaginated spines may be found between one of two kinds of postsynaptic processes formed with the large photoreceptor (retinula) terminals in the optic lamina of the lobster, Homarus vulgaris (Hamori and Horridge 1966) . These terminals form typical ribbon synapses with postsynaptic ganglion cell axons, which also invaginate processes into the retinula terminals. While the latter may not be true synaptic spines, true spines appear to be associated with a second kind of postsynaptic process-the transverse fibers. The synapses formed between transverse fibers and retinula terminals contain presynaptic vesicles but lack ribbons, and some of these synapses are on elongate postsynaptic spines that can invaginate more than a micrometer into the retinula terminals.
The Predominance of the Non-Invaginating Dendritic Spine Synapse in Bilaterian Animals
Non-Invaginating Spine Synapses are Found in the First Brains ''Why, anybody can have a brain. That's a very mediocre commodity. Every pusillanimous creature that crawls on the Earth or slinks through slimy seas has a brain.'' (L. Frank Baum, from The Wonderful Wizard of Oz, 1900).
The nervous systems of flatworms, the first animals to evolve bilateral symmetry and heads, and with it, a true brain, are already similar to the vertebrate brain in many ways, and show a similar range of classical neurotransmitters and neuropeptides (Keenan et al. 1981; Halton and Gustafsson 1996; Buttarelli et al. 2008) . The wellorganized, compact brains of free-living flatworms (Turbellaria) contain from 50 to 550 neuron somas, while the brains of parasitic flatworms such as flukes and tapeworms tend to be less compacted (Halton and Gustafsson 1996) . Golgi staining of the brain of the free-living flatworm, Notoplana acticola, reveals several types of neurons, with multipolar ones most common (Keenan et al. 1981) . At least 3 kinds of neurons have processes with spines; they are best developed on the stubby processes of the fusiform neuron with an average length of just under 2 lm. Coss and Perkel (1985) used Golgi staining to compare spine synapses in flatworms to those in honeybees and vertebrates, showing that the range of spine shapes are rather similar among these various animals (Fig. 4) . Studies of flatworm synapses at the ultrastructural level do not specifically identify spines, but show that synapses in general are abundant and vary in form; vesicles include various combinations of small clear ones and larger densecored vesicles (Fig. 5 ). There sometimes is a presynaptic paramembranous density roughly resembling the T-bar shaped presynaptic densities seen in many arthropods (types of ''ribbon'' synapses, as discussed above for arthropods and vertebrates), and there may be one to three postsynaptic processes (Reuter 1981; Halton and Gustafsson 1996; Bedini and Lanfranchi 1998; Mäntylä et al. 1998) . Occasionally postsynaptic processes can invaginate into the presynaptic terminal, but these invaginating synapses do not seem to be common (Morita and Best 1966; Petralia et al. 2015) . Typically, it is difficult to identify synaptic spines definitively from individual electron micrographs, because it can be difficult to tell a spine profile from that of a cross section of the shaft of a dendrite or other kind of neurite. But in Fig. 5 , the lack of labeling for microtubules in the spine-like postsynaptic processes, compared to abundant labeling in adjacent neurites, suggests that these postsynaptic processes are spines.
Interestingly, the basic plan of synapses in flatworms, including the presynaptic ''ribbon''-like structure and more than one postsynaptic process, is found even in the simplest of flatworms, the acoels (Bedini and Lanfranchi 1991; Bery et al. 2010) . Some postsynaptic processes shown in micrographs look spine-like (Ferrero 1973; Achatz and Martinez 2012) , although they have not been identified as spines. The acoel flatworms may represent the simplest know bilateral metazoans and thus closest in evolution to simpler metazoans such as cnidarians and ctenophores; also as in the latter, some synapses in acoel flatworms and another simple group of flatworms, are two-way with synaptic vesicles on both sides of the synaptic cleft (Reuter and Palmberg 1990; Bedini and Lanfranchi 1991) . It should be noted though that the simplest bilaterians, relatives of acoel flatworms in the genus Xenoturbella, lack a brain (Raikova et al. 2000; Cannon et al. 2016) . They do have chemical synapses, but none of the images resemble spine synapses (Raikova et al. 2000) .
Non-Invaginating Spine Synapses are a Common Component of the Nervous Systems of Higher Animals
The extent of synaptic spine formation in flatworms is still not well understood, but it is clear that neurotransmission via synaptic spines is a major component of the nervous system of higher animals; and most examples are non-invaginating spines. Coss and Perkel (1985) compare (their figure 10) tracings of Golgi stained spiny dendrites in a flatworm, honeybee, fish and gerbil, and they note the similarity in overall spine length, and in the variation of spine stem (neck) length and maximum head width (Fig. 4) . All of the major groups of higher animals except the nematodes have some examples of definitive spines. Most of the few reports of synapses in relatively minor groups show no definitive evidence of spine synapses, including in hemichordates (Dilly et al. 1970; Dilly 1972) , chaetognaths (Rehkämper and Welsch 1985) ; phoronids (Pardos et al. 1991) , and bryozoans (Gordon 1974) ; the latter study notes that synapses appear to be ''en passage'' (en passant). However, in a description of synapses in the brain of the rotifer, Trichocerca rattus, Clément (1977) shows a micrograph of a synaptic contact in which the postsynaptic neurite appears to extend an invaginating spine into the presynaptic terminal, but it is not described further. 
Nematoda
Nematodes, or roundworms, have a relatively simple body structure and nervous system. The latter has been studied most thoroughly in Caenorhabditis elegans, and contains a specific number of neurons-302 (Albertson and Thomson 1976; White et al. 1976 White et al. , 1986 Hall and Russell 1991; Toth et al. 2012) . Notably, White et al. (1986) examined most of the synaptic connections in the worm using electron microscopy of serial sections, and found about 5000 chemical synapses, 2000 neuromuscular junctions, and 600 gap junctions. Chemical synapses are en passant between parallel neuronal processes; one presynaptic process may form a synapse with one, two, or occasionally three postsynaptic processes. A few of the ultrastructure profiles of postsynaptic processes do resemble spines. However, reconstructions of the whole neuronal processes in this and other studies show few if any simple branches from the primary process, and no definite spines (Albertson and Thomson 1976; White et al. 1976 White et al. , 1986 Hall and Russell 1991; Toth et al. 2012 ).
Annelida
The Annelida or segmented worms, including earthworms, leeches, and a large variety of marine worms, have a higher body complexity than flatworms, and are roughly on a similar level of design as mollusks and arthropods, especially with complex coelomic, circulatory, and nervous systems. Synapses of the segmental ganglia of the medicinal leech, Hirudo medicinalis, have been studied in detail, using injections of Procion yellow (Purves and McMahan 1972) or horseradish peroxidase (Muller and McMahan 1976) , and suggest a continuation of basic synaptic structure from flatworms to arthropods. Typically, the presynaptic terminal has a small, indistinct paramembranous density roughly similar to the better developed ones in many flatworms; compare these to the more distinctive T-bar and rod/ribbon-shaped structures in the synapses of arthropods. Also, like many flatworm and arthropod synapses, there often are two postsynaptic processes; these processes include spines projecting from the shafts of the processes of the large motor neurons. When the postsynaptic process can be identified as a spine, structure is variable-spines can be broad and short or slender and elongate. Most seemed to lack internal structures other than some flocculent material.
It is likely that other major groups of annelids have spine synapses. For example, Wells et al. (1972) show a micrograph of a synapse from the nerve cord of the bristle worm, Myxicola infundibulum, a marine polychaete, in which the postsynaptic process looks very much like a vertebrate spine head. In the earthworm, Lumbricus terrestris, Günther and Schürmann (1973) show examples of synapses on spine-like processes in the nerve cord; some of these show a distinct appearance of head and neck like a spine, although the authors describe them as ''feinsten Dendritenverzweigungen'' (finest dendrite branches). In the nerve cord of the earthworm, Helodrilus caliginosus, synapses are formed between axons in which the postsynaptic process is a small, spine-like structure, about the size of a small vertebrate synaptic spine head (de Robertis and Bennett 1955) . The authors describe this as ''…a fingerlike process invaginating and infolding the presynaptic element.''
Mollusca
We noted in the previous section that synapses associated with sensory neurons in the sea hare, Aplysia (a marine gastropod), can have spine synapses that make either flat contacts or that invaginate deep into the terminal ). Kotsyuba and Kotsyuba (2002) describe spine synapses in two marine clams (bivalves) and even mention the presence of invaginating spine synapses; however, their micrographs are not very definitive for these structures.
Postsynaptic spines may be found in the stellate ganglion of the squid (Hama 1962; Castejón and Villegas 1964) . These typically are about 1-2 lm long and have a short neck and round head, and they can have some vesicles and smooth endoplasmic reticulum but no other organelles. Those described in Castejón and Villegas (1964) form a synapse with a presynaptic terminal containing a round or oval mass of ''homogeneous dense substance'' surrounded by the synaptic vesicles. This structure is believed to be equivalent to the presynaptic dense bodies and ribbons that we have described in the previous section in the other higher animal groups. While these postsynaptic spines are not invaginating, note that other synapses in the stellate ganglion have invaginating presynaptic terminals (also with a synaptic body made of the ''homogeneous dense substance''). In the review of Petralia et al. (2015) , invaginating presynaptic terminals are described briefly. Interestingly, these synapses in the squid stellate ganglion are associated with giant axons that are adaptations for the rapid escape jetting behavior of squid (Hartline and Colman 2007) . As we have discussed in the previous section, common structural modifications of synapses associated with rapid response behavior include synaptic bodies and invaginated synapses, although in this case the invaginating process is the presynaptic terminal instead of the postsynaptic spine.
Arthropoda
Probably the best studied spine synapses among invertebrates are in the insect brain. There are numerous studies in Neuromol Med (2016) 18:497-539 509 various insects including flies (Hausen et al. 1980; Nässel and Strausfeld 1982; Fischbach and Dittrich 1989; Meinertzhagen and O'Neil 1991; Scott et al. 2003; Yasuyama et al. 2003; Leiss et al. 2009a, b) , honeybees (Coss et al. 1980; Brandon and Coss 1982; Farris et al. 2001) , ants (Stieb et al. 2010) , and crickets (Frambach et al. 2004) . Spines have been studied mainly with various light microscope techniques such as the rapid Golgi method, showing that many neurons have large, branching dendritic arborizations that are studded with abundant spines (Fig. 4) . A good example is the dendritic arborization of the Kenyon cell, the chief interneuron of the calyces of the mushroom bodies (corpora pedunculata), an important brain center for sensory integration and memory formation. Kenyon cell dendritic spines in the honeybee, Apis mellifera, are about 3 lm long, with a slender neck and a roughly oval head (Coss et al. 1980; Brandon and Coss 1982; Coss and Perkel 1985) . Size and shape of these spines are affected by experience, aging and learning (Coss et al. 1980; Brandon and Coss 1982; Farris et al. 2001) . The spines of Kenyon cells appear to be enriched in actin and CaMKII, both major components of vertebrate spines (Pasch et al. 2011) ; an abundance of actin as well as a general lack or paucity of tubulin may be the typical pattern of Kenyon cell dendritic spines, as in vertebrates (Frambach et al. 2004; Leiss et al. 2009a; Stieb et al. 2010) . Among the best characterized spines of the insect brain are those found on a group of visual interneurons in Drosophila called lobula plate tangential cells. As for typical vertebrate spines, these spines are filled with actin but lack tubulin (Scott et al. 2003; Leiss et al. 2009b ). Spine density is sensitive to the action of the small GTPases, Rac1 and Cdc42, shown to regulate the actin cytoskeleton of spines in vertebrates (Scott et al. 2003; Leiss et al. 2009b ). These spines appear to support active excitatory cholinergic neurotransmission; they label with the presynaptic marker, Bruchpilot, and have acetylcholine receptors (Leiss et al. 2009b) . They are about 1-2 lm long and their shapes include stubby, thin, mushroom, and branched; the last kind can have up to three heads (Leiss et al. 2009b ). The first three categories correspond roughly to similar categories of vertebrate spines (Peters and Kaiserman-Abramof 1970) , although the mushroom spines of Drosophila probably do not attain the very large, wide head size seen in vertebrates. Electron microscopic images of spines in Leiss et al. (2009b) are shown only in low magnification; spines lack mitochondria and other large organelles and form synaptic contacts containing presynaptic T-bars and synaptic vesicles. T-bar synapses are found on both the spine head and neck regions. Other studies have examined fly brain spine synapses with electron microscopy, but again only at relatively low magnification, showing few details (Hausen et al. 1980; Nässel and Strausfeld 1982; Yasuyama et al. 2003) . Also many of the postsynaptic processes at the T-bar synapses of photoreceptor terminals in the optic lobes in flies, seen with electron microscopy, are assumed to be spines; these generally contain only a few vesicles, small reticular cisternae, and occasionally fine filaments and flocculent material (Meinertzhagen and O'Neil 1991) . These postsynaptic processes often can be very spine-like and may be described as collaterals or side branches; some also have a distinct postsynaptic/subsynaptic cisterna of ER (Musca domestica; Boschek 1971 ). The latter author shows one interesting micrograph (his figure 26) with double small postsynaptic processes, and both are apposing two presynaptic photoreceptor terminals with T-bars; both postsynaptic processes have a pair of subsynaptic ER cisterns, i.e., opposite the two terminals. Postsynaptic spines also are shown in studies of the retinal lamina of a dragonfly (Procion yellow filling ; Laughlin 1973) and grasshopper (ultrastructure; Shaw 1978) .
Postsynaptic spines also are described in the brains of other arthropods, and in an earlier section we described invaginating spine synapses in the photoreceptor terminals of crustaceans and spiders. Spine synapses are found in the hemiellipsoid bodies of the land hermit crab, Coenobita clypeatus (a crustacean); these structures may be functionally similar to and possibly homologous with the mushroom bodies (corpora pedunculata) of insects Wolff et al. 2012) . Ultrastructural studies show that these spines can receive convergent inputs on both their spine head and neck . Postsynaptic spines have been described on the axons of monopolar neurons of the optic lamina of the crayfish, Pacifastacus leniusculus (crustacean), using Golgi methods for both light and electron microscopy (Nässel 1977; Nässel and Waterman 1977) . These spines include members of the postsynaptic triad of processes forming a synaptic contact with retinular (photoreceptor) cell terminals, which we described for arthropods in our earlier section on invaginating spines. In the crayfish retinular terminal synapse, central and lateral postsynaptic spines are derived from different classes of monopolar neurons. Lateral spines can be partly invaginating and in some cases, also invaginate a smaller process that the authors call a ''knob'' deep into the terminal, but it is not clear whether the knobs form true active zones. The spider, Cupiennius salei, has spine synapses, evident with the Golgi method, in brain neuropil associated with the circuitry of its principal and secondary eyes . Also using the Golgi method, Fahrenbach (1979) describes and illustrates ''spines'' on axonal processes in the corpora pedunculata of the horseshoe crab, Limulus polyphemus (a marine chelicerate, i.e., the group that includes also arachnids such as spiders), but apparently these are presynaptic structures. The author also describes and illustrates dendritic claw terminals of the Kenyon cell dendrites; these are similar in appearance to the dendritic claws of granule cells of the mammalian cerebellar cortex (described in a later section here). In the sea spider (Pycnogonida: another chelicerate group), Achelia langi, a single presynaptic terminal can contact five small postsynaptic processes. While some of the postsynaptic processes can look rather spine-like in profile, three-dimensional serial reconstructions of postsynaptic processes indicate that synapses occur mainly along the processes, and no definitive postsynaptic spines are described (Lehmann et al. 2014) .
Onychophora
The ''velvet worms'' show many characteristics of both annelids and arthropods (Strausfeld et al. 2006) ; they are worm-shaped but with many paired segmental appendages with claws. And their large brain is similar in many ways to the arthropod brain (Strausfeld et al. 2006) . Using the Golgi method, Strausfeld et al. (2006) describe ''numerous swellings and spines'' on parallel fibers of the heterolateral lobes of the mushroom bodies, but apparently these are presynaptic structures. With electron microscopy, some of the postsynaptic processes shown in figures look spine-like with little internal structure, but others have mitochondria or other organelles. Interestingly, it is common to find a postsynaptic, flat ER cistern (Schürmann 1978; Strausfeld et al. 2006; Peña-Contreras et al. 2007 ), as we noted earlier for some synapses in flies. In some unusual synapses, the postsynaptic process looks flattened and plate-like, with the PSD along the side (Strausfeld et al. 2006) ; mitochondria may be present on the edges but are excluded from the center of the thinnest ''plates.'' They somewhat resemble half of a crest synapse (described later in this review).
Chordata
Spine synapses, of course, are well known in the vertebrates, and their variety will be described in the next section. Vertebrates make up the largest group of the phylum Chordata, which also includes some small invertebrate groups. The cerebral ganglion of the adult sea squirt, Ciona intestinalis (a urochordate or ascidian), contains some spine synapses (Dilly 1969) . The postsynaptic spines include short, stubby forms and ones that invaginate into the presynaptic terminal. Spines contain a few large vesicles about 100 nm or so in diameter, and are similar in size range to the more abundant presynaptic vesicles. Dendritic spines also appear to be common in the nervous system of the larvae of the amphioxus or lancelet, Branchiostoma floridae (Lacalli 2002; Lacalli and Kelly 2003) . Interestingly, these larvae also have some unusual spine-like axonal processes that can invaginate into neuron somas and form specialized, symmetric ''juxta-reticular'' junctions with an endoplasmic reticular cisterna lining each side of the junction; it is not known whether these form some kind of specialized synapse (Lacalli 2002) . A possible similar structure is found occasionally in photoreceptor synapses of the pineal organs of frogs (Kelly and Smith 1964) . Note that Branchiostoma likely has some pineal photoreceptors in its brain (Vigh et al. 2002 ), but it is not known whether their synapses have ''juxta-reticular'' junctions.
Interestingly, subsurface cisternae are found sometimes associated with vertebrate synapses. These include examples of postsynaptic subsynaptic cisternae (Rosenbluth 1962; Fuchs 2014) ; those associated with cholinergic efferent synapses on mammalian cochlear hair cells help regulate postsynaptic calcium signaling (Fuchs 2014) . There also are subsurface cisternae opposite ''free postsynaptic-like densities'' (FPSDs) in the apposing cell processes (Spacek 1982) . The latter includes examples of a spine with a distinctive FPSD resembling the PSD of a typical asymmetric, excitatory synaptic spine, and apposing a subsurface cistern in a neuron cell body. Compare these examples to those of synapse-associated cisternae that we have described earlier in this review for the ctenophores, insects, and onychophores.
Echinodermata
Relatively little is know about the evolutionary relationships of spine synapses in chordates with those of other animals. The only other large group of animals that is known to be closely related to chordates is the echinoderms; together they form the major groups of the deuterostomes (animals with mouths not derived from the blastopore that is formed in early stages of embryogenesis). Unfortunately, living echinoderms show little centralization of their nervous system and none have a definitive brain, even though recent studies indicate that well-developed sensory organs are present in some kinds, most notably the unique compound eyes of starfish (Garm and Nilsson 2014) . Furthermore, their mesodermal skeletal elements and tough and often spiny skin may make it more difficult to study their nerve structure. Only a few synapses have been described in various echinoderm groups including the brittle stars (Cobb and Stubbs 1982) and sea urchins (Weber and Grosmann 1977; Peters and Campbell 1987) , with the best examples of synapses described in sea cucumbers (Mashanov et al. 2006 (Mashanov et al. , 2008 , including an apparent invaginating spine (Mashanov et al. 2006) . Presumably the synaptic structures, including spines, in the deuterostomes harken back to the earliest evolution of these synapses in cnidarians and later the first bilaterian metazoans, as happened also for the other major group of animals, the protostomes (mouth derived from the blastopore; annelids, arthropods, mollusks, etc.).
Muscle Arms
Finally, mention should be made of a few cases where muscle cells project spine-like structures that act as postsynaptic processes. These include neuromuscular synapses of nematodes (Rosenbluth 1965; White et al. 1986 ), the invertebrate chordate group that includes the amphioxus, and some echinoderms (Flood 1966) . In these cases, it is the muscle fiber that sends elongate postsynaptic processes to form synapses in the nervous system. The postsynaptic processes from the muscle cells are called ventral root fibers in Amphioxus (actually Branchiostoma lanceolatum) and contain a granular or fibrillar matrix with glycogen granules (Flood 1966) . The terminal expansions also can have a few vesicles. The myoneural junction of the parasitic nematode, Ascaris lumbricoides, is even more synapse-like (Rosenbluth 1965) . The presynaptic terminal contains giant mitochondria and numerous presynaptic vesicles; it is separated from the postsynaptic processes called muscle arms, by an * 50 nm synaptic cleft. Muscle arms contain ''fine filaments and scattered vesicles.'' Interestingly, Rosenbluth (1965) notes that he found one slender muscle process that invaginated into a nerve fiber and formed a tight junction with it. White et al. (1986) , studying the nematode, Caenorhabditis elegans, show some micrographs in which the postsynaptic muscle process appears very spine-like. Also, in Amphioxus, Flood (1966) found a single example of a postsynaptic muscle process that protruded into the spinal cord but its association with the presynaptic structures was obscured. Thus, these types of muscle-derived postsynaptic processes do not seem to form invaginations normally, although they do seem to have some structural analogies to postsynaptic spines.
Variations in Vertebrate Spine Synapses
We already have discussed varieties of invaginating spine synapses of vertebrate hearing and vision circuitry in the earlier section on adaptations for rapid responses. There are other examples of invaginating spine synapses in a variety of regions of the vertebrate nervous system, and we shall mention a few of them in this section. But the more general, non-invaginating spine synapse type, with a flat or only partially indented contact with the presynaptic terminal, is common and characteristic of many parts of the vertebrate nervous system (Fig. 6 ).
Spine Apparatus
The first really distinctive innovation in spine morphology evolution may be the spine apparatus, found in some mammalian synaptic spines. In the larger spines of mammals, the smooth endoplasmic reticulum (SER) may become elaborated into a stack of tubules or flattened cisternae or cisterns (Figs. 6, 7) . In many cases, it forms a spine apparatus (SA), which consists of a series of membranous sacks or cisterns separated by plates of dense material (Gray 1959; Gray and Guillery 1963; Spacek 1985; Segal et al. 2010) . The spine apparatus is best known in the mammalian hippocampus and neocortex. In the CA1 stratum radiatum of the hippocampus of adult rats, Spacek and Harris (1997) found a mature spine apparatus in 82 % of large, mushroom-shaped spines; most had three cisterns but one spine had eight, with the number of cisterns directly proportional to spine size. A definitive SA may occur only in telencephalic structures including the cerebral cortex, olfactory bulb, hippocampus, and striatum (Hamlyn 1962; Gray and Guillery 1963; Powell 1969, 1970; Spacek 1985; Steward and Reeves 1988; Smith et al. 1994) . It is not found in cerebellar Purkinje cell spines; these spines do have well-developed SER tubules but lack the dense plates seen between cisterns of a definitive SA (Fig. 6) (Gray 1961; Spacek 1985; Petralia et al. 2001) . The SA can be continuous with presumed SER extending from the dendrite shaft (Spacek 1985; Steward and Reeves 1988; Harris and Weinberg 2012 ). An SA also may be found in some dendrites in the forebrain (Jones and Powell 1969) . Thus, SA-like structures with 2-3 cisternae are found in dendrites in the dog cerebral cortex and in cell processes and spines of the spinal cord (Gray and Guillery 1963) . Colonnier and Guillery (1964) report that the SA is found in some spines in the ventral lateral geniculate thalamic nucleus of the monkey, but no micrographs are included. In contrast, Spacek and Lieberman (1974) do not find an SA in neurons of the rat somatosensory thalamus. In addition to SAs in spines and dendrites, an SA-like structure is found in the axon initial segment in the forebrain (Palay et al. 1968; Orth et al. 2007 ).
The evolutionary origin of the SA is not known. Bedini and Lanfranchi (1998) illustrate a ''spine apparatus'' at a synapse in a flatworm, but the structure in the micrograph is not distinct. It appears to have one or two irregular cisterns and a dense band of material. The structure may be similar to the simple SA-like structure in the cat and rat spinal cord described above (Gray and Guillery 1963) . A number of studies have noted the absence of an SA in fish and reptiles (reviewed in Hamlyn 1962; lamprey, Stefanelli and Caravita 1970; turtle, Nomokonova and Ozirskaya 1984; lizard, Boycott et al. 1961 ); Henselmans and Wouterlood (1994) note that an SA is found in some spines in the striatal complex of the lizard, Gekko gecko, but they do not provide micrographs of the SA. Lieberman (1971) shows a micrograph of an SER complex in a Purkinje spine of the frog, Rana termporaria, that may be more elaborate than the SER in mammalian Purkinje spines; the micrograph also shows how the SER in the spine appears to be continuous with SER in the dendrite shaft. But like that in mammalian Purkinje spines, this structure appears to lack the dense plates.
The SA may play a role in calcium regulation, possibly associated with LTP and spatial learning (Jedlicka et al. 2008; Vlachos et al. 2009; Korkotian et al. 2014) . The SA appears to help regulate calcium levels in the spine, probably via ryanodine receptors that act as calcium channels in the membranes of the SA cisternae (Sharp et al. 1993; Vlachos et al. 2009; Segal and Korkotian 2014; Grigoryan and Segal 2016) . Calcium regulation is a key aspect of spine plasticity. For example, glutamate binding to NMDA receptors causes entry of calcium into the spine that then acts as a second messenger for plasticity associated with learning and memory (Vlachos et al. 2009; Horak et al. 2014; Maggio and Vlachos 2014; Sala and Segal 2014; Lichnerova et al. 2015) . A similar calcium-regulating function may occur in the complex SER of Purkinje cell spines in the cerebellum. But in this case, it involves IP3 receptors on the spine SER instead of ryanodine receptors (Petralia et al. 2001; Goto and Mikoshiba 2011; Segal and Korkotian 2014; Okubo et al. 2015) (Fig. 6) . Thus, there are at least two kinds of calcium-regulating mechanisms, one mediated by an SA with ryanodine receptors in the forebrain, and the other by SER with IP3 receptors in Purkinje cells. The SA is associated with a specific actin and actinin binding protein called synaptopodin (Deller et al. 2000 Vlachos et al. 2009; Segal et al. 2010; Korkotian et al. 2014) ; in fact, distribution of synaptopodin in the brain matches that of the SA, confined to the main parts of the telencephalon (Mundel et al. 1997 ).
Hippocampus and Cerebral Cortex (Neocortex)
The large, principal neurons of the hippocampus and cerebral cortex typically have large, branching dendrites that are studded with many postsynaptic spines that don't usually invaginate into the presynaptic terminal (Fig. 6) . These spines include thin, mushroom, stubby and branched forms Spacek and Harris 1997; Sorra and Harris 2000) . To recap, they are filled with actin but lack microtubules, and they can contain SER and vesicles, and especially in the larger spines, sometimes other structures including a spine apparatus (1/15 mature dendritic spines in the rat hippocampus), polyribosomes, RER, coated vesicles, endosomes, multivesicular bodies, and puncta adherentia. In the rat hippocampus, the typical spines can be contrasted with the special, large thorny excrescences of the mossy terminals of the CA3 region and hilus (described in the next paragraph). Typical spines in the cerebral cortex (rat and cat) are similar to those in the hippocampus (Gray 1959; Jones and Powell, 1969; Peters and Kaiserman-Abramof 1970 ; but as expected, there are a few exceptions: for example, including spines with mitochondria (Jones and Powell 1970) , a few microtubules in large spines (Peters and Kaiserman-Abramof 1970) , and maybe occasional invaginating spines (Jones and Powell 1969) . Peters and Kaiserman-Abramof (1970) also note that the largest spines may have up to three separate spine apparatuses. Some GABAergic, spiny interneurons in the hippocampus are innervated by multiple excitatory terminals (Gulyas et al. 1992; Acsády et al. 1998) . These spines are up to 5 lm long and thin, and usually do not have a distinct head region (Fig. 8a) ; they typically bear 4-6 synapses with asymmetric densities. In lower vertebrates, there are few descriptions of the spines in areas believed to be homologous to the mammalian hippocampus and cerebral cortex. Nomokonova and Ozirskaya (1984) note that spines in the turtle hippocampus are frequent but contain only ''granular or vesicular matter'' and never have a spine apparatus. They also note invaginating spine synapses. In the chick, there are typical synaptic spines in the cerebral cortical region called the intermediate and medial extent of the hyperstriatum ventral; Horn et al. (1985) found significant changes in the length of the postsynaptic density in two different learning experiments.
Hippocampal Thorny Excrescences and Purkinje Spines
Some major examples of invaginating spine synapses do occur in the brain of vertebrates and involve some of the most complex synaptic structures in the brain, such as the thorny excrescences in hippocampal mossy fiber synapses (Figs. 6, 7a) , and cerebellar Purkinje cell spine synapses in some cases (Fig. 6 ). Both kinds of synapses represent part of the evolution of complex behaviors in vertebrates. In mammals, the thorny excrescences are in the mossy fiber circuit between the dentate gyrus and the CA3 region; these modified spines project from the proximal regions of the main CA3 pyramidal dendrite (thorny excrescences also are found at mossy terminals on some neurons in the hilus). Thorny excrescences are large and complex spines or spine-like structures, often highly branched; they can contain mitochondria, multivesicular bodies, ribosomes, and occasional microtubules-structures that generally are excluded from spines, and they often have a spine apparatus, a structure typically found also only in some large spines (Hamlyn 1962; Frotscher et al. 1991; Chicurel and Harris 1992; Petralia and Wenthold 1992; Johnston and Amaral 2004; Petralia et al. 2015; Wiera and Mozrzymas 2015) . Induction of long-term potentiation in slice cultures can increase the formation of invaginating processes from the excrescences into the mossy terminal; typically, these form new synaptic active zones on the sides of the new ''finger-like extensions'' (Zhao et al. 2012 ; also reviewed in Frotscher et al. 2014, Wiera and Mozrzymas 2015) . This circuit may be key to the higher abilities of mammals for pattern separation of episodic memory (Treves et al. 2008; Schmidt et al. 2012) . While the evolution of this synapse is not well understood, very similar synapses are found in the dorsomedial cortex of lizards (Martinez Guijarro et al. 1984; Lopez-Garcia and Martinez-Guijarro 1988; Treves et al. 2008) . As in mammals, these large specialized spines are often invaginated into the large presynaptic terminal, and they can have more than one active zone/postsynaptic density, multivesicular bodies and abundant smooth endoplasmic reticulum. However, other components found in the mammalian ones, the spine apparatus and occasional mitochondria, have not been described in the lizard spines. Probably there is a direct evolution of these invaginating spines and their circuitry from early amniote vertebrates (i.e., reptile-like) to mammals; the associated structures in birds are more controversial (Treves et al. 2008) .
Unlike the case for thorny excrescences of the mammalian hippocampus, the Purkinje cell and its spine synapses have been fairly distinctive throughout vertebrate evolution, and these are central to the function of the cerebellum for ''…performance of smooth and accurate goal-directed movements, making postural adjustments to maintain balance and also learning new motor skills.'' (Cerminara et al. 2015) . Purkinje spines include those that form synapses with parallel and climbing fiber glutamatergic inputs, and sometimes are invaginating in adult mammals (more commonly in early postnatal development; Mugnaini 1972; Palay and Chan-Palay 1974; Altman and Bayer 1997; Zhao et al. 1998; Petralia et al. 2015) . The presence of definitive Purkinje cells in lampreys and other jawless fish is controversial (Lannoo and Hawkes 1997; Bell et al. 2008 ), while Purkinje cell spine synapses in teleosts (bony, jawed fish) are very similar to those in mammals. As in mammals, they include both parallel and climbing fiber synapses; many of the spines are at least deeply indented into the presynaptic terminal and some are fully invaginating into the terminal (Meek and Nieuwenhuys 1991; Castejón and Apkarian 1993) . SER is often prevalent in the spines of fish as in mammals. Castejón and Apkarian (1993) indicate that Purkinje spines synapsing with parallel fibers have an enlarged postsynaptic density, appearing to extend as diffuse material through much of the spine head, but perhaps this is due to some effect of the preparation methods. Possibly related to this, delayed perfusion fixation of mice can result in the appearance of spherical to patchy dense structures beneath the postsynaptic density, which also shows increased curvature (TaoCheng et al. 2007 ). In addition, in mammals, the delta 2 glutamate receptor is very abundant only in Purkinje spines (Fig. 6 ) (and in spines of a related cell type in the dorsal cochlear nucleus; Petralia et al. 1996; Zhao et al. 1998) , and light microscope studies indicate that the distribution of this receptor is the same in the fish cerebellum (Mikami b Fig. 6 Examples of mammalian spine synapses utilizing light (ad) and electron (e-g) microscopy. a-d. Light microscopy of spines labeled using a variety of methods demonstrates how spines of various sizes and shapes can cover much of the surface of a dendrite. a A neuron from a rat hippocampal neuron culture, expressing GFP-SAP102. Note the prominent labeling of synaptic spines on the dendrites as well as on the soma. b Dendritic spines on a basal dendrite of a projection neuron from the cerebral cortex of a 3-monthold wild-type mouse from a model of Down Syndrome. The neuron is expressing GFP (construct controlled by a tamoxifen-inducible Cre); arrows indicate mushroom-type spines. c Spiny dendrites from a layer II/II pyramidal neuron of the frontal cortex of a 9-month-old mouse, loaded with 5 % Lucifer Yellow. 2D and 3D renderings (top, left and right) are used in an automated 3D detection and shape classification method; the two bottom pictures show the 3D rendering rotated at different angles to discern the wide variety of spine shapes; spines are numbered (1,2,3) and colored differently, allowing the viewer to follow the individual spines. d A neuron from a rat hippocampal neuron culture, revealing the shapes of spines by their actin content. Expressed mCherry is visualized with standard confocal microscopy (red), while expressed LifeAct-Venus, which binds to actin, is visualized using STED superresolution (blue). ). e-g. Electron microscopy. e Cerebellar Purkinje cells (rat) have typical synaptic spines. The postsynaptic spine heads of five spine synapses, formed with parallel fiber terminals (pf), are labeled with 30-nm gold for GABA neurotransmitter (Purkinje neurons are GABAergic through all cell components), and their postsynaptic densities (arrowheads) are labeled with 10-nm gold for delta glutamate receptor. This rat is 10 days postnatal, and at this age, invaginating spines are fairly common at parallel fiber synapses (lower right synapse). Some tubulovesicular organelles are evident in all of the spine heads, with the best example in the upper right spine. The inset from a mouse (*3 weeks old) demonstrates that this includes a well-developed smooth endoplasmic reticulum (SER; se) with abundant IP3 receptors (10-nm gold); in this case, the SER tubule runs along the spine and curls back up to approach (arrowhead) the postsynaptic density. f An interesting example comparing a spine (s) synapse and dendrite shaft synapse on a dendrite (de) of a neuron from a rat hippocampal culture. Both are probably excitatory since they appear to have round vesicles in the presynaptic terminal (pre) and appear to be asymmetric, with a thickened postsynaptic density (arrowheads). Note that the dendrite shaft and the presynaptic terminals contain microtubules (asterisks), which are absent from the spine; the shaft also has a mitochondrion (mi). g A typical thorny excrescence (te), partly invaginated in a mossy fiber (mf) terminal in the CA3 region of the adult rat hippocampus. The spine apparatus (sa) is distinct (the section was labeled with 10 nm gold for sonic hedgehog). Scale bars are 100 nm. Micrographs were modified from previously published ones (e, Zhao et al. 1998 
Gemmules
Spines of the granule cells of the olfactory bulb tend to be atypical, and cover both their small, deep dendrites and large peripheral dendrite (there is no true axon; Rall et al. 1966; Price and Powell 1970a, b) (Fig. 8b) . The spines are identified by their lack of microtubules, but often contain numerous structures including small vesicles, dense-cored vesicles, SER, spine apparatus, ribosomes, multivesicular bodies, and mitochondria. Possibly more than half of all spines contain mitochondria; often they are mitochondria that begin in the main process shaft and continue into the spine. The most unusual spines are the ''gemmules'' on the distal portion of the peripheral dendrite. These spines contain reciprocal synapses so that they function both as presynaptic and postsynaptic structures; for this reason, Price and Powell (1970a, b) call the peripheral dendrite a peripheral process instead. Reciprocal synapses on neuronal processes are actually found in a number of regions of the vertebrate brain and are fairly common in various invertebrate groups as noted earlier. The gemmules are typically spine-like and similar to the other spines on the granule cell, but sometimes they have microtubules in their neck (stalk); a few are short and neckless and occasionally a reciprocal synapse is formed on the main peripheral process shaft. Reciprocal synapses are formed between gemmules and the dendrites and somas of mitral and tufted cells; gemmules also can be postsynaptic to excitatory synaptic terminals from axons. Typically the gemmule reciprocal synapse consists of two adjacent parts: first there is an asymmetric synapse with a group of large, round presynaptic vesicles in the mitral/tufted cell process and a thickened PSD in the gemmule; second, there is a symmetric synapse with many flattened or pleomorphic presynaptic vesicles in the gemmule (Rall et al. 1966; Price and Powell 1970a, b) . The asymmetric part is excitatory, glutamatergic, and the symmetric portion is inhibitory, GABAergic (Rall and Shepherd 1968; Chen et al. 2000; Shepherd et al. 2007 ). This reciprocal synaptic pattern appears to function similarly in lower vertebrates including reptiles (turtle, Pseudemis scripta elegans; Jahr and Nicoll 1982) and amphibians (tiger salamander, Ambystoma tigrinum; Wellis and Kauer 1994). Goldfish (Carassius auratus) also have similar reciprocal synapses between granule cell gemmules and mitral cell dendrites; these gemmules lack microtubules and have abundant vesicles, but the examples shown do not have other organelles (Ichikawa 1976 ). In the bonnethead shark, Sphyrna tiburo, reciprocal synapses form between presumptive granule cell dendrites and mitral cell dendrites and somas (Dryer and Fig. 7 Two examples of invaginating dendritic excrescences. a Thorny excrescences from postsynaptic pyramidal neuron apical dendrites invaginate into mossy terminals in the CA3 region of the hippocampus. These are complex structures, with multiple active zones and typically containing a spine apparatus (yellow) and other structures such as multivesicular bodies (pink). Note also the puncta adherentia (PA) that bind the mossy terminal edges to the main dendrite shaft. b Dendritic excrescences of neurons of the somatosensory thalamus invaginate into large terminals, forming a glomerulus wrapped with glial processes (glia not shown; presynaptic organelles also not shown for clarity). Note that these excrescences are simpler, with fewer internal organelles compared to those in Fig. 7a . Like  Fig. 7a , these terminals also make puncta adherentia-like junctions with the dendrite shaft; in this case, these structures show a very distinctive association on the postsynaptic side with a complex of SER tubules (yellow; Spacek and Lieberman, 1974) . (prem = the presynaptic membrane that is invaginated by the postsynaptic process) (Color figure online) Graziadei 1996). In the micrographs, the granule cell dendrites, presumably gemmules, resemble those illustrated by Ichikawa for the goldfish, but those of this shark have mitochondria.
Dendritic Claws, Protrusions and Appendages
It should be obvious from the examples discussed so far that some kinds of dendritic processes cannot be defined strictly as dendrite shaft versus spine. Good examples are a number of dendritic structures associated with glomeruli from various parts of the nervous system. A glomerulus is an intimate association among neuronal processes from several kinds of neurons, and often its edge is defined by a glial wrapping (Spacek and Lieberman 1974) . One of the best known examples is the cerebellar granular layer glomerulus (Mugnaini 1972; Palay and Chan-Palay 1974; Llinás et al. 2004 ). There is a large glutamatergic mossy terminal at the center that forms excitatory synapses on interdigitating dendrites from up to 20 granule cells. There also are inhibitory terminals from Golgi cells and the glomerulus is encapsulated by glial lamellae. Typically, each granule cell dendrite ends in a ''…digitate spray of short, varicose fibers that curl about the mossy fiber rosette.'' (Palay and Chan-Palay 1974) . These terminal processes have been called dendritic ''claws'' (Llinás et al. 2004) ; they typically contain a central, elongate mitochondrion associated with SER. The dendrite processes interconnect via puncta adherentia. Fast excitatory synaptic transmission mediated by postsynaptic AMPA-type glutamate receptors appears to be enhanced via spillover of glutamate among the synaptic active zones of the mossy terminal (DiGregorio et al. 2002) . Interestingly, both the asymmetric synapses and the puncta adherentia contain Fig. 8 Spines with multiple presynaptic terminals. a An example of a spine from one kind of GABAergic, inhibitory spiny interneuron; note that it bears several excitatory terminals, each with asymmetric densities and round vesicles (Gulyas et al. 1992; Acsády et al. 1998) . b Gemmules are specialized, reciprocal terminals of granule cells in the olfactory bulb. Note how it is postsynaptic at the top, right synapse with a mitral/tufted cell process (right side of drawing); here there is an excitatory synapse (e) with asymmetric density and round, presynaptic vesicles in the mitral/tufted cell process. The gemmule is presynaptic on the bottom, right, filled with pleomorphic vesicles and forming a symmetric synapse (inhibitory; i) with the mitral/tufted cell process.
Occasionally, other small terminals with asymmetric densities and round vesicles form synapses on one end (presumably excitatory; e; top synapse in drawing; Price and Powell, 1970a, b) . c Some spines receive synapses from presynaptic terminals containing different neurotransmitters. Typically, in these cases, an excitatory, glutamatergic terminal (e) forms on the top of the spine head (asymmetric density, round vesicles) and one or two other terminals with other neurotransmitters such as GABA or dopamine form on the side of the spine head or on the neck (typically symmetric; Kubota et al. 2007 ). (mitochondria are colored green; the granule cell gemmule is shown in light blue because it is reciprocal) (Color figure online)
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NMDA-type glutamate receptors and associated scaffolding proteins, suggesting that NMDA receptors also may be involved in neurotransmission via glutamate spillover (Petralia et al. 2002; Petralia 2012) . Granule cell dendrite structure in the glomerulus of the chick is similar to that in mammals, e.g., with similar puncta adherentia; but often the synaptic active zones join together into an invaginating crest synapse with subjunctional plaque, as described in the next section (Mugnaini 1972) . The synaptic glomeruli in the dorsal lateral geniculate (thalamic) nucleus of the cat (Famiglietti and Peters 1972) and monkey (Macaca mulatta; Hamori et al. 1974 ) contain a number of unusual, spine-like dendritic processes called ''protrusions'' and ''appendages,'' that surround the central optic (retinal) axon terminal. The glomerulus also contains some smaller branching axon terminals called ''claw-like,'' not to be confused with the dendritic claws described above in the cerebellar glomeruli. One common arrangement within the glomerulus is a ''triad'' composed of the optic axon terminal that forms synapses onto (i.e., is presynaptic to) two dendritic components: one is a postsynaptic dendritic protrusion or thorn (described as being from a principal cell in monkeys and a spinous Class II cell dendrite in cats); the other is a dendritic appendage (described as being from an interneuron in monkeys and a smooth Class III cell dendrite in cats). In monkeys (Hamori et al. 1974) , the dendritic protrusions make distinct asymmetric synapses with the retinal terminals. These protrusions contain mitochondria and SER, numerous ''filaments,'' and form puncta adherentia with the retinal terminal and with adjacent principal cell dendrites; they also form spine-like secondary processes in contact with the retinal terminal. The dendritic appendages of interneurons in the monkey contain mitochondria and SER, and may contain ribosomes and RER. But they are distinguished mostly by their numerous flattened to pleomorphic vesicles, and are presynaptic (and presumably inhibitory) to the principal cell dendritic protrusion in the same triad. At least in the cat (Famiglietti and Peters 1972) , the dendritic appendage appears to be a large multi-lobed structure extending from a long, slender stalk from the parent dendrite shaft; these lobes may enter more than one glomerulus.
In the glomeruli of the rat somatosensory thalamus, dendritic excrescences, similar overall to the hippocampal CA3 thorny excrescences, invaginate deeply into large terminals that are enwrapped in glial processes (Spacek and Lieberman 1974) (Fig. 7b) . Like those in the CA3 region described in an earlier section, these excrescences can be simple or compound/branched, but they contain fewer organelles; for example, there is no spine apparatus (as noted above, the spine apparatus may be limited to telencephalic structures). This synapse also is similar to the CA3 one due to the presence of multiple puncta adherentia-like structures, each forming a double density between the terminal and dendrite, and that bind the large invaginated presynaptic terminal to the parent dendrite of the excrescences (Spacek and Lieberman 1974; Chicurel and Harris 1992) . This pattern of excrescence-like invaginations into a large terminal with multiple active zones and puncta adherentia also is seen in the endbulb of Held/spherical bushy cell synapse in the early postnatal development of the cat, as described earlier in this review (Ryugo et al. 2006) . However, the puncta adherentia-like structures in the somatosensory thalamus glomeruli may be unusualon the dendritic side, the densities of these structures are shown to be interconnected with a distinctive complex of SER tubules.
Finally, we will examine the spine-like processes on the dendrites of the giant neurons of the red nucleus of the cat (Wilson et al. 1987) . The dendrites have two very different zones: their proximal and distal portions, each with different spine-like processes and associated with different afferent inputs; this is similar to the CA3 pyramidal neurons of the hippocampus, where the proximal parts of the dendrites have the thorny excrescences that we have described, and the more distal parts have more typical spine synapses. Fine, filopodia-like spines, 0.1-0.25 lm wide and about 1 lm long, are found on the soma and proximal portions of the dendrites; these appear to have much of their sides in active synaptic contact and sometimes are invaginated into the presynaptic terminal. The more distal parts of the dendrites bear spines and spine-like appendages of various shapes and sizes, as seen with light microscopy. One large kind is up to about 10 lm long with a stalk and large head region, made of several extensions from the stalk, containing mitochondria and SER, and spreading several micrometers in diameter to form a glomerulus. There are fine dendritic processes (the finest about 0.1-0.2 lm in diameter) that extend from the dendritic stalk and surround and often invaginate into a central presynaptic terminal, which originates in some cases from the sensorimotor cortex; other presynaptic terminals also are part of the glomerulus.
Crest Synapses
Crest synapses (Fig. 9) are unique structures that have been described in a wide variety of scattered locations in the nervous system. In mammals, they are found in the subfornical organ (Akert et al. 1967a, b) , habenula and interpeduncular nuclei (Milhaud and Pappas 1966; Murray et al. 1979; Hamill and Lenn 1983; Lenn et al. 1985) , locus coeruleus (Mizuno and Nakamura 1972; Yamashita et al. 1997) , globus pallidus (Cano et al. 1989); amygdala (figure 6 in Muller et al. 2016) , suprachiasmatic nucleus (Güldner 1976) , inferior olive (De Zeeuw et al. 1994) , dorsal raphe nucleus (Descarries et al. 1982; Kapadia et al. 1985) , medial preoptic area (Prince and Jones-Witters 1974) , dorsal horn of the spinal cord (Aronin et al. 1981) , and superior cervical ganglion (Kasa et al. 1991) ; and in birds, they have been described in the cerebellar cortex (Mugnaini 1972) and ciliary ganglion (Takahashi 1967; De Stefano et al. 1993) . In many cases they form an unusual structure that looks in profile in micrographs like an invaginating spine; or if not invaginating into the presynaptic terminal, its spine-like shape is formed by the contours of presynaptic terminals (usually two but up to three).
In either case, the synaptic active zones are formed on the sides of the spine-like structure rather than the distal tip. The shape of the synapse as seen in micrograph profiles is misleading as it actually has a disk shape like that of the typical active zone of a synapse, except that the crest synapse disk is sticking up, perpendicular to the parent dendrite or soma surface. The two synaptic active zones usually appear to be strongly asymmetric (thick PSDs), with the parallel postsynaptic membranes about 130 nm apart, as described in the subfornical organ (Akert et al. 1967a, b) and locus coeruleus (Yamashita et al. 1997) ; the figure 4A from Akert et al. 1967a ; reprinted by permission from Springer Publishing Company). Note the characteristic crest spine with central subjunctional bodies (SB). Other crest synapse structures vary, and in this example, there are two postsynaptic multivesicular bodies (mv; a dark and a light one), and a desmosome-like junction (DS) at the apical bulge of the crest; the presynaptic terminals in this case (pr1 and pr2) contain morphologically different vesicles (red letters have been superimposed over the black letters of the original micrograph, for clarity). Note also that this example is rotated ninety degrees counterclockwise from the drawings in (b-d). b Crest synapse spine invaginating into a single terminal. Red arrows indicate the central plaque of subjunctional bodies between the two PSDs. c Crest synapse spine with a presynaptic terminal on each side of the crest. This example also shows how occasionally a normal spine synapse can project from the top of the crest. d A typical crest synapse that is cut directly through the plane of the central plaque of the subjunctional bodies between the two PSDs, showing the array of subjunctional bodies. The crest synapse often is associated with multivesicular bodies (pink), either in the dendrite near the base of the crest or in the thickened top of the crest spine (Akert et al. 1967a, b; Yamashita et al. 1997 ) (Color figure online) Neuromol Med (2016) 18:497-539 519 width of the active zone is roughly half a micrometer in diameter, with the whole crest synapse structure roughly 1 lm. Centered between the two postsynaptic membranes is a subjunctional plaque of dense material with obscure perpendicular filaments connecting the plaque with the two PSDs. There is a regular array of subjunctional (subsynaptic or postsynaptic) bodies aligned in the central plaque; each is about 20-30 nm in diameter and arranged about 50 nm apart (Akert et al. 1967a, b) . These subjunctional bodies are round and dense, but do not appear to have a definitive limiting membrane, although a high-magnification image (figure 7 in Akert et al. 1967a ) seems to show a partial limiting membrane of some sort. There may be up to 25 subjunctional bodies in a row (Akert et al. 1967b) , although most images show less than half that many and often only 3-5 in a row (Akert et al. 1967a) . Serial sections of one example revealed 8 rows of up to 12 bodies, with a total of about 80 in the whole crest synapse (Yamashita et al. 1997) . In another series illustrated in Akert et al. (their figure 11; 1967a) , there are 7 rows of up to 13 bodies. Those crest synapses with one presynaptic terminal form double active zones (i.e., the two sides of the crest) so that the crest invaginates into the presynaptic terminal. If there are two presynaptic terminals, it is called a ''twin synapse.'' This may be a clue to the function of some crest synapses. Thus, the two axons forming the twin synapses of crest synapses in the interpeduncular nucleus of the rat appear to originate from right and left nerve tracts, respectively (habenula input via the fasciculi retroflexus; Murray et al. 1979; Hamill and Lenn 1983) . Similarly, some crest synapses in the rabbit inferior olive may receive their two inputs from the two sides of the brain (De Zeeuw et al. 1994) . But many crest synapses appear to receive input from two different kinds of sources. Thus, the majority of the synapses in the inferior olive are GABAergic; labeling for GABA is in either one or both of the presynaptic terminals in a two-terminal crest synapse (De Zeeuw et al. 1994) . Yamashita et al. (1997) found in the locus coeruleus that about 10 % of the terminals on a crest synapse are noradrenergic. In the monkey dorsal horn of the spinal cord, Leu-enkephalin labeling can be found either in the dendrite and crest or in one of the terminals (Aronin et al. 1981) . Terminals with either round or pleomorphic vesicles can be part of crest synapses. In both the globus pallidus (Cano et al. 1989 ) and subfornical organ (Akert et al. 1967a) , the crest can form synapses with two different kinds of presynaptic terminals with distinctly different matrix material and vesicles (e.g., one having many more dense-cored vesicles along with clear vesicles). On the other hand, cholinergic innervation at crest synapses in the interpeduncular nucleus (Lenn et al. 1985) and superior cervical ganglion forms both terminals on a crest (Kasa et al. 1991) . In the monkey (Macaca fascicularis) dorsal raphe nucleus, which contains the largest number of serotonergic neurons in the brainstem, the postsynaptic structures of the crest synapse can be either labeled or unlabeled for serotonin, while the presynaptic terminals are not labeled (Kapadia et al. 1985) . In contrast, Descarries et al. (1982) do not report any labeling for serotonin in the crest synapses of the rat dorsal raphe nucleus.
The function of crest synapses is not clear. Crest synapses are fairly common in the locus coeruleus of the monkey, Macaca fuscata (Japanese macaque), and most of them originate from dendrites of noradrenergic neurons (Yamashita et al. 1997) . The locus coeruleus is the main source of noradrenergic input to the cerebral cortex, and so is better developed in primates, along with their larger cerebral cortex compared to many other mammals. In relation to this, the authors note that rodents or cats have only rare crest synapses in the locus coeruleus, in comparison to monkeys; they argue that a more complex locus coeruleus needs better control, and crest synapses may mediate this.
Crest synapses can have a variety of shapes and arrangements (Akert et al. 1967a; Murray et al. 1979) . Often there is a multivesicular body in the dendrite, near the base of the crest (Akert et al. 1967a, b; Hamill and Lenn 1983) (Fig. 9) . Typically, the extended portion of the crest synapse, distal to the active zones, is enlarged and may have small vesicles, or larger endosomal vesicles or multivesicular bodies (Milhaud and Pappas 1966; Akert et al. 1967a; Yamashita et al. 1997) . In some cases, there may be an additional regular postsynaptic spine structure that continues from the extended portion, forming a synapse with another presynaptic terminal, or a possible adherens-type junction in a dendro-dendritic junction between spines (Akert et al. 1967a; Yamashita et al. 1997 ). There also can be Y-shaped crests forming synapses with up to three terminals (Akert et al. 1967a; Murray et al. 1979 ). In addition, Murray et al. (1979) describe ''crested dendrites,'' which bear a series of crested dendritic processes often in a row on one side of the dendrite shaft, and forming synapses with up to five axon terminals; some of these terminals appear to be invaginated among the dendritic processes. Moshkov et al. (2013) use the term ''crest'' to describe structures on the goldfish Mauthner neuron that actually appear to be regular invaginating spine synapses. Among invertebrates, a structure described as a ''crest synapse'' in the flatworm, Stenostomum sp. (Moraczewski et al. 1977) , actually looks considerably different from any examples of vertebrate crest synapse, but it might be homologous and perhaps ancestral to those in vertebrates. It looks like a double crest synapse with a narrow cleft in between, and instead of a row of subjunctional bodies, there is an obscure elongate, cisterna-like structure. We also have noted earlier in the review that flattened, plate-like synapses have been described in the Onychophora, but these are one-sided only (Strausfeld et al. 2006 ).
Variations in Neurotransmitter Types at Spine Synapses
Most spine synapses in the vertebrate nervous system appear to be excitatory, glutamatergic (Fig. 6 ), based on very numerous studies including many described throughout this review. In most cases, spines either have only a synapse with a glutamatergic terminal, or they have both a glutamatergic terminal and one containing another neurotransmitter. This other terminal usually can be identified by its symmetric density, and it forms on the other side of the spine head or on the neck of the spine (Fig. 8c) . Determination of presynaptic vesicle shape generally has been problematic. A classic study by Tatsuoka and Reese (1989) , based on a simple model of terminal synapses formed directly on a cell body (anteroventral cochlear nucleus), demonstrated ultrastructural variations in vesicle shape in synapses depending on transmitter type and preparation methods: glutamatergic = round, cholinergic = small round, GABAergic and glycinergic = oval/ flattened; the associated densities for these synapses are asymmetric (i.e., thick PSD) for glutamatergic and symmetric for the others. In another example noted in an earlier section, Güldner (1976) describes ''spine-like protrusions'' in the rat suprachiasmatic nucleus that invaginate into the presynaptic terminal and have active zones with symmetric densities; the shape of the vesicles in these terminals vary from round to flattened and this varies with the preparation method. While there is substantial evidence that most glutamatergic terminals on spines have mainly round vesicles using standard fixation protocols, structures inside the terminal often are obscured by peroxidase-related chemical reaction products used for labeling (e.g., Papadopoulos et al. 1989; Dehay et al. 1991; Petralia and Wenthold 1998) , or fixation may not be optimal in protocols needed for immunogold localization (Petralia and Wenthold 1998, 1999; Zhang et al. 2016 ). So here we will describe spine structure related only to the position of terminals for different neurotransmitters and the nature of the density (symmetric or asymmetric).
GABAergic synapses on spines have been studied best in the cerebral cortex. Typically, they form symmetric synapses on the sides of spine heads and necks (mice, Knott et al. 2002; rats, Kubota et al. 2007) or just the head (cats, Dehay et al. 1991 ) and usually, these spines also have an asymmetric synapse. Kubota et al. (2007) show examples of these spines with: (1) labeling for VGLUT2 (vesicular glutamate transporter 2; mainly for thalamocortical axons) in the asymmetric synapse terminal and two unlabeled symmetric terminal synapses; (2) VGLUT2 in the asymmetric terminal plus GABA in the symmetric terminal; (3) GABA receptor in the symmetric terminal; and (4) GABA receptor in the symmetric terminal and AMPA-type glutamate receptor in the asymmetric terminal. These authors estimate that this double innervation of spines occurs for about 3 % of cerebral cortical excitatory synapses. Of these, at least all of those with VGLUT2-positive excitatory, asymmetric terminals may have GABAergic inhibitory, symmetric terminals; other symmetric terminals in double innervations may contain GABA or some other neurotransmitter. This GABA innervation of glutamatergic spines serves to ''…compartmentalize GABAergic inhibition, limiting both action potential and synaptically evoked calcium influx and regulating NMDAR receptor-dependent synaptic integration.'' (Chiu et al. 2013 ). In the hippocampus, Megias et al. (2001) show that some GABAergic, symmetric synapses form on spines in the CA1 stratum lacunosum-moleculare. Also, it is interesting that axons from the ventral tegmental area form synaptic terminals in the lateral habenula that release both glutamate and GABA at separate asymmetric and symmetric active zones that express glutamate (on dendrite shafts and spines) and GABA (on shafts) receptors, respectively (Root et al. 2014 ). Actually, co-release of neurotransmitters occurs for several neurotransmitters (Hnasko and Edwards 2012; Trudeau et al. 2014; Vaaga et al. 2014; Granger et al. 2016) , but the specific role of co-release at spine synapses is not well studied.
Spines receiving dopaminergic terminals have been well studied especially in the striatum (rat, Freund et al. 1984; Groves et al. 1994 ) and cerebral cortex (rat, Verney et al. 1990; Carr and Sesack 1996; monkey, Macaca mulatta, Goldman-Rakic et al. 1989) . In most cases, the labeled terminal forms a symmetric synapse on the side of the spine head or neck, and there is an unlabeled asymmetric synapse on the end of the spine head. Freund et al. (1984) found the twin input of a labeled symmetric synapse and an unlabeled asymmetric one on 39 % of the spines counted from one identified striatonigral neuron in the ventral striatum. Bergson et al. (1995) examined dopamine receptor distribution in a number of brain regions (monkey, Macaca mulatta), and found different distributions for D1 and D5 subtypes, with D1 more common in the head and neck of spines. Most spines in the dorsal striatum of the rat label with antibodies to either D1 or D2 receptors . Yung et al. (1995) show examples in the rat striatum of preembedding immunogold labeling for D1 or D2 on the postsynaptic membrane of a symmetric synapse on the side of a head or neck of a spine that receives an asymmetric synapse on the head. Overall, the studies on Neuromol Med (2016) 18:497-539 521 distribution of dopamine receptors indicate that they are present on spines receiving only an asymmetric, glutamatergic synapse (''diad'') or both the latter and a symmetric, dopaminergic synapse (''triad''; reviewed in Yao et al. 2008) . Those spines that do not have a direct, dopaminergic synapse would receive dopamine by asynaptic release from nearby dopaminergic axons; in fact, asynaptic release may be a common mechanism for many neurotransmitters (reviewed in Descarries et al. 2008) . Ladepeche et al. (2013) provide evidence in studies of rat hippocampal cultures that dopamine and NMDA-type glutamate receptors form clusters together at the base of the spine, and release of dopamine then disrupts the interaction in the clusters, allowing NMDA receptors to migrate into the glutamatergic synapse on the spine head, and thus affecting its long-term plasticity. Zhang et al. (2015a) show that dopaminergic fibers from the rat ventral tegmental area to the nucleus accumbens may form both the dopaminergic terminals and one population of the glutamatergic terminals. The axons have two distinct subcellular compartments labeling for: (1) VGLUT2 (forming the asymmetric, glutamatergic synapse on the spine head) and (2) TH (tyrosine hydroxylase;); the latter forms the symmetric, dopaminergic synapse on the side of the spine compartment and this compartment also appears to label for a dopamine transporter and a vesicular dopamine transporter. Finally, in the lizard (Gekko gecko), dopamine-labeled terminals with mainly symmetric densities form on spine heads in the striatal complex and dorsal ventricular ridge (part of the cerebrum; Henselmans and Wouterlood 1994) . Cholinergic synapses, identified by immunocytochemistry against choline acetyltransferase (ChAT), can form on spines (as well as on dendrite shafts and sometimes on somata) throughout the cerebral cortex (Wainer et al. 1984; Houser et al. 1985; Clarke and Dunnett 1986; Umbriaco et al. 1994) as well as in other forebrain areas (Wainer et al. 1984) in rats. Most of these are symmetric. Both Wainer et al. (1984) and Houser et al. (1985) show examples with the labeled cholinergic terminal forming a symmetric synapse on the side of a spine head that also receives an unlabeled asymmetric synapse; Wainer et al. (1984) also show an example of a labeled, symmetric synapse that is the only terminal seen in that section of a spine. In the lizard (Gekko gecko) striatal complex and dorsal ventricular ridge, as for dopamine noted above, ChAT-labeled terminals with mainly symmetric densities form on spine heads (Henselmans and Wouterlood, 1994) .
The cerebral cortex receives a noradrenergic input from the small locus coeruleus, but its prevalence at spine synapses (in the adult rat) is unclear. Thus, Séguéla et al. (1990) found that all labeled noradrenergic synapses are symmetric with most formed on dendrite shafts and only a few on spines. In contrast, Papadopoulos et al. (1989) found more labeled terminals on spines compared to dendrite shafts, and these included both symmetrical and asymmetrical synapses. The latter authors illustrate both an example of a labeled terminal on the side of a spine receiving an unlabeled asymmetric synapse, and another example in which the labeled terminal makes the only synaptic contact seen on a spine head, and it is asymmetric. Differences in the findings of these two studies may reflect in part, differences in interpretation because ''different criteria were used for defining synaptic junctions.'' (Séguéla et al. 1990 ).
Serotonin-labeled terminals (from the raphe nuclei) on spines have been described in the striatum of rats (Arluison and de la Manche 1980; Soghomonian et al. 1989) and monkeys (Macaca fascicularis; Pasik and Pasik 1982) . Only about a tenth of labeled varicosities in the rat striatum make synapses; these are on either dendrite shafts or spines and are usually asymmetric. They usually are the only terminal seen to form a synapse on the spine, although Soghomonian et al. (1989) found one example of a spine head, followed in serial sections, forming synapses with two terminals: (1) an asymmetric synapse with a large, serotonin-labeled terminal that is partially invaginated by the spine; and (2) an unlabeled, symmetric synapse. In the monkey, the few synaptic contacts of labeled axon varicosities are all asymmetric on spines (Pasik and Pasik 1982) . A similar labeling pattern for serotonin-labeled terminals with asymmetric densities is seen for spines in the cerebral cortex (Séguéla et al. 1989) .
Finally, as noted in the previous section, Moshkov et al. (2013) describe some synapses on the ventral dendrite of the giant Mauthner neuron of the goldfish with invaginating spines that they call ''crests.'' These are symmetric, with apparently pleomorphic vesicles clustered on the sides and end, and they describe them as inhibitory; they also provide some evidence that these are glycinergic.
Why Do Synapses Form Spines?
Many synapses on dendrites and other neuronal processes function very well without developing spines. Even among excitatory, glutamatergic synapses in vertebrates, many kinds form directly on dendrite shafts without any trace of a spiny projection (Figs. 1, 6 ). So why are spine synapses favored in many kinds of synaptic connections? And of these, why do some kinds of spines invaginate into the presynaptic terminal and other kinds only contact the terminal surface? And why do some kinds of neurons, such as the CA3 pyramidal neurons in the hippocampus, have both kinds?
Why Do Some Kinds of Synapses Form Spines?
There are several benefits of spine synapses over flat contacts between pre-and postsynaptic processes (Coss and Perkel 985; Harris and Kater 1994; Shepherd 1996; Halpain 2000; Bloodgood et al. 2009 ). First, spines may allow more numerous and complex synaptic arrangements with a neuron, largely due to the overall increase in surface area of the postsynaptic neuron processes (Harris and Kater 1994; Chklovskii 2004) . Thus, more synaptic contacts can be formed along a spiny dendrite and the dendrite shaft can be relatively thinner, allowing more complex circuitry per unit volume of neuropil (Harris and Kater 1994; Chklovskii 2004) . Also, as we discussed in the last section, some excitatory spine synapses also have an inhibitory or regulatory synaptic terminal on the side of the head or neck, and this can add a level of control over individual synaptic inputs to the neuron (Harris and Kater 1994) . Two other potential benefits in particular have been studied and discussed extensively: (1) the thin spine neck can increase electrical resistance or otherwise affect electrical compartmentalization of the spine, to filter overall neuronal synaptic signals differentially per spine input, and (2) spine structure is important for increased synaptic plasticity associated with learning and memory.
Computational studies predict that ''excitable dendritic spines…provide an anatomical arrangement that economizes both excitable and synaptic channels.''; thus, relatively few channels on a spine head can produce a larger depolarization in the dendrite than for similar channels on the dendrite shaft, largely due to the greater input resistance of the spine head (i.e., dependent on the thin neck; Segev and Rall 1988 ; see also Rall and Rinzel 1971, 1973; Rall 1974) . Indeed, these authors note that ''…spine stem [neck] resistance…is perhaps the most important of several parameters that determine the electrical behavior of the spine…'' A number of studies have examined the electrical properties of spines, especially those on the apical dendrites of CA1 pyramidal neurons of the hippocampus of rats and mice (Grunditz et al. 2008; Bloodgood et al. 2009; Harnett et al. 2012) . Grunditz et al. (2008) found that the spine neck effects spine compartmentalization during postsynaptic depolarization, regulating calcium influx into the spine via NMDA receptor and R-type calcium channels. Bloodgood et al. (2009) found that opening of voltage-gated calcium channels on a spine depends on activation of that spine, since the neck acts as a barrier to current propagation, probably preventing their opening during subthreshold depolarization of the dendrite shaft or synaptic activity in neighboring spines. Such compartmentalization presumably would not be possible for synapses along a dendrite shaft. Spine neck resistance can be 500 MX, sufficient to allow passive amplification of spine head depolarization by almost 50 times (Harnett et al. 2012) . Harnett et al. (2012) note that having synapses on spines allows control of both passive and active (via voltage-dependent conductance) amplification by regulation of spine neck resistance.
Thus, the spine synapse may be designed to regulate via structural and functional plasticity, the strength and contribution of individual synapses on neuron function. These ideas were first elucidated by Wilfrid Rall and colleagues in the 1970s and 1980s (Rall and Rinzel 1971; Rall 1974; reviewed in Segev and Rall 1988; Shepherd 1996) . In the simplest model, a spine might be able to change amplification via a change in spine head width and neck length; Coss and Perkel (1985) describe how these basic dimensions can change with activity in two very different animals: (1) for escape behavior effects on jewel fish (Hemichromis bimaculatus) tectal interneuron spines; and (2) for flight behavior effects on honeybee Kenyon cell spines; they discuss how these changes might affect input resistance and transient membrane potential in the spine head. Interestingly, a study by Acker et al. (2011) on spines of pyramidal neurons from mouse cerebral cortical slices suggests that simple changes in spine head size and neck length may not affect transfer of voltage from the dendrite shaft to the spine head (Acker et al. 2011) ; but this does not consider the opposite transfer-from spine to shaft (Sala and Segal 2014) . In contrast, Araya et al. (2006) also looked at pyramidal neuron spines in cortical slices, and found that voltage changes to or from spines depends on spine length. Gulledge et al. (2012) modelled a variety of known spiny neurons from different regions of the mammalian brain and suggest that a major function of spine synapses is to standardize the excitatory postsynaptic potentials (EPSPs) of synapses along extensive and structurally variable dendritic arborizations; in contrast, spineless synapses could produce a great variability in amplitude and kinetics of local EPSPs due to these complex dendritic geometries. Thus, putting the synapses at the ends of spines might reduce location-dependent variability in synapse properties, ''…allowing more uniform activation of voltage-sensitive conductances at the site of synaptic input.'' Further, the spine might maintain this uniformity even during LTP, when there is an increase in AMPA receptor conductance, by increasing spine neck width to decrease neck resistance.
In addition to current flow, the spine neck would be a barrier to movements of various molecules in the cytoplasm and on the cell surface; for example, diffusion in and out of the spine of AMPA receptors, the primary proteins at the postsynaptic membrane of the spine that mediate fast glutamatergic neurotransmission, is restricted by the neck (Ashby et al. 2006; Korkotian and Segal 2007; Sala and Segal 2014) . A short spine neck also may allow faster diffusion of calcium from the spine head to the dendrite, and this may correlate with more effective increase in AMPA receptor delivery to spines during LTP.
In fact, there is a very large amount of evidence indicating that synaptic plasticity, such as occurs with longterm potentiation or depression (LTP and LTD) often involves large changes in spine size and structure, as well as number, especially for studies of the hippocampus and cerebral cortex. This may explain the variety of spine shapes, as we noted in an earlier section, including stubby, thin, mushroom, and branched. Also, among the larger spines, the PSD varies from simple to perforated to segmented, and also may invaginate spinules from the postsynaptic membrane into the presynaptic terminal. All of these variations may reflect modifications that affect the strength and specificity of function of an individual synapse. This large body of literature has been reviewed by others (e.g., Harris and Kater 1994; Sala and Segal 2014; Petralia et al. 2014 Petralia et al. , 2015 , and we will not cover it in detail here. The morphological changes in spines during plasticity reflect extensive changes in synaptic molecules as well as internal reorganization of the spine cytoskeleton (Lai and Ip 2013; Sala and Segal 2014) . In many cases, a major component of LTP is an increase in AMPA-type glutamate receptors in spines (i.e., the more AMPA receptors, the stronger the response to glutamate release from the presynaptic terminal; Korkotian and Segal 2007; Huganir and Nicoll 2013; Sala and Segal 2014) ; AMPA receptor density at synapses is correlated with size of the spine and the complexity of the PSD (Ganeshina et al. 2004a, b; Kopec et al. 2007; Korkotian and Segal 2007) . The local changes in calcium levels in the restricted space of the spine is crucial for plasticity of individual synaptic inputs, and involves various calcium channels on the spine surface membrane and in organelles (Harris and Kater 1994; Sala and Segal 2014) . For many spine synapses in the forebrain, at least, NMDA-type glutamate receptors are particularly important as a source for calcium entry into spines associated with plasticity (Paoletti et al. 2013; Horak et al. 2014; Lichnerova et al. 2015) . There also are internal sources of calcium in the spine. As noted in an earlier section, large spines in the forebrain have a spine apparatus that can release calcium into the spine cytoplasm via ryanodine receptors, while cerebellar Purkinje cell spines have SER with IP3 receptors for release of calcium. Interestingly, a form of non-ionotropic NMDA receptor signaling, i.e., without calcium entry through the NMDA receptor, may mediate a reverse type of structural plasticity of spines, thus controlling spine shrinkage and elimination, necessary for refinement of complex neural circuitry (Stein et al. 2015) .
In summary then, the synaptic spine has evolved for precise control of individual synaptic inputs to allow a neuron to better control multiple inputs and coordinate the fine responses needed for learning and other complex behaviors. But can all synaptic spines exhibit synaptic plasticity or are some designed to be static? Even if static, non-plastic spines exist, it seems unlikely that we can distinguish them by their structure. We have described numerous examples of plasticity in the spines of vertebrates, and a few in invertebrates, including in honeybees and a possible case in a mollusk. Changes in spine structure with plasticity seem to vary. In some cases, there can be profound modifications: compare thin and mushroom spines in the mammalian neocortex. In other cases, such as the honeybee, the changes may be subtler; so large shape changes may not be a requirement for spine plasticity. Note also that variation in spine shape and size is roughly similar across the animal kingdom, from worms to mammals (Fig. 4) . So perhaps all spines are capable of realized or potential plasticity for learning and other adaptive behaviors. Shepherd (1996) suggests that spines have: ''…a range of properties that must be critical for both rapid information processing and slower plastic changes underlying learning and memory.''
Why Do Some Kinds of Synaptic Spines Invaginate into the Terminal?
While there is abundant research on spine function and importance, there is little discussion in the literature on the significance of invaginating spine synapses. Actually, there are many kinds of invaginating processes associated with synapses and they can have several important functions. Invaginating spine synapses are just a small subset of these invaginating projections; the other kinds do not form a definitive chemical synapse . These include trophic functions and removal of excess cell membranes, e.g., as may be a consequence of cell membrane proliferation during plasticity. But invaginating projections also function in many cases to direct a specific signal precisely between two particular cell processes, i.e., of two adjacent neuronal or glial cell processes. This would be especially pertinent for an invaginating spine synapse since by definition it is receiving a signal from another cell process (i.e., neurotransmitter reception). So one function of the invagination may be to ensure that the neurotransmitter signal activates the postsynaptic spine exclusively. But this is not the only strategy to insure exclusivity of neurotransmission. Thus, mammalian cerebellar Purkinje spine synapses are very closely enwrapped by processes of the Bergmann glia (Mugnaini 1972; Palay and Chan-Palay 1974) , closely regulating and restricting diffusion of glutamate (Tzingounis and Wadiche 2007) . But alternatively, the Purkinje spines can invaginate into the terminal, especially in early postnatal development. So perhaps the invagination is an early method of enwrapment in many of the Purkinje spines, and that typically it is replaced in the adult by the Bergmann glial wrapping.
Invaginating synaptic spines, and other invaginating projections not described in this review , in some cases, may form or increase in number or complexity, in the changes associated with synaptic plasticity. We already described in an earlier section, the invaginating spine synapses associated with the gill-withdrawal reflex of Aplysia ). As we noted, the invaginating spine synapses have about twice the number of presynaptic vesicles as regular synaptic contacts (with or without spines), and thus these authors suggest that the invaginating spine synapses are more effective and are formed in association with learning plasticity in the animal's defensive gill-withdrawal reflex. We also have described examples of synaptic plasticity-related changes in the invaginating postsynaptic processes in the retina, such as during light-dark cycles.
The invaginating spine synapses that we have described here fall into two broad categories. The majority are simple spine structures with active zones and presynaptic vesicles mainly around the spine head region (Figs. 1, 2, 3, 9) . But a second category includes more complex structures; the best example is the thorny excrescence of the CA3 mossy terminal (Figs. 6, 7a) . In this case, the invaginating process is large and has several distinct, separate active zones and may be branched. Another very complex invaginating compound structure is seen at the retinal photoreceptor terminals, involving several postsynaptic processes that are arranged below the presynaptic ribbon/membrane, including invaginating processes and more basal ones. The invaginating crest synapse may be a third category, but it really is a subset of the typical crest synapses that have separate terminals on each side of the crest. However, in all cases, invaginating spines share this feature: a large extrasynaptic zone lacking glial or other processes, positioned between the invaginating spine and the presynaptic terminal membrane. This creates a potentially large glutamate spillover zone, allowing glutamate to diffuse over distances and activate glutamate receptors outside of the active zones. This functional arrangement has been described for the retinal ribbon synapses (of both photoreceptors and bipolar cells), where Müller glial cell processes, the primary mediators of glutamate uptake, are excluded from the complex of postsynaptic processes (Vardi et al. 1998; Haverkamp et al. 2000; DeVries et al. 2006; Veruki et al. 2006; Tzingounis and Wadiche 2007; Kramer and Davenport 2015) . A similar phenomenon of spillover probably occurs in other complex synaptic structures that exclude glial processes, like the cerebellar granular layer glomeruli discussed in an earlier section (although the postsynaptic terminals here are not distinctly invaginating; Petralia et al. 2002; Petralia 2012; Tzingounis and Wadiche 2007) . Thus, one possible function of an invaginating synapse is to foster glutamate spillover to reach receptors spread along the invaginating structures (but restricted to them, as discussed in the previous paragraph).
In addition, glutamate spillover may be just the first stage in a series of synaptic interactions that depend on the invagination of the components. This may be especially true in the highly organized vertebrate photoreceptor synapse where the two horizontal cell processes (spines) mediate lateral inhibition via negative feedback of the glutamatergic transmission. This feedback may involve GABA release, pH changes, and/or an electric field effect (ephaptic mechanism) within the restricted environment of the invaginating synapse (Gardner et al. 2015; Kramer and Davenport 2015) . In fact, the latter mechanism involving electrical feedback (Byzov and Shura-Bura 1986; Gardner et al. 2015; Kramer and Davenport 2015) may explain best why there is such a consistent and regular arrangement of structures in the invagination of the vertebrate photoreceptor (presynaptic ribbon and processes of horizontal and bipolar neurons); Kramer and Davenport (2015) note how it resembles an electronic transistor.
CA3 Mossy Terminals
The invaginating thorny excrescences (Figs. 6, 7a ) of the CA3 mossy terminal synapses of the hippocampus form spine synapses on the proximal portion (stratum lucidum) of the apical dendrites of the CA3 pyramidal neurons (mossy fibers originate from dentate gyrus granule cells). It is interesting that more typical, non-invaginating spine synapses are formed on the remaining distal portions of these same dendrites (stratum radiatum). There must be a strong reason for a single dendrite to express two such different kinds of spine synapses. The answer may be this combination discussed above of spillover within the invaginated space and prevention of spillover outside of this. The arrangement of the mossy terminal and thorny excrescences is somewhat similar to that of a cerebellar mossy terminal glomerulus; one mossy terminal can make more than 37 synaptic contacts total with several different branched excrescences; and excrescences are fairly wide and so probably do not reduce charge transfer, unlike typical spines (Chicurel and Harris 1992) . Henze et al. (2000) estimate that on one pyramidal neuron, there are about 700 synapses on excrescences from about 50 mossy fibers, all within the proximal 100 lm of the apical dendrite; this gives this input the potential for a strong excitatory drive to the soma. The unique structure of the mossy fiber-excrescence synapses, along with their specialized combination of receptors and associated proteins, gives the synapses unusual properties such as a large paired-pulse facilitation and frequency facilitation, where a modest increase in stimulation frequency can cause a large increase in synaptic strength (Nicoll and Schmitz 2005) . Mossy fiber spontaneous miniature excitatory postsynaptic currents (EPSCs) vary in strength and a few can be very large; these may result from spillover of glutamate from the release site to reach adjacent active zone areas along the excrescence (Henze et al. 2000) . Perhaps frequency facilitation also involves spillover. Since the contours of the invaginating excrescence match those of the surrounding mossy terminal membrane, glutamate is channeled naturally along these membranes, to reach the various post-and presynaptic receptors (Min et al. 1998; Vogt and Nicoll 1999; Darstein et al. 2003; Nicoll and Schmitz 2005) . Rollenhagen et al. (2007) suggest that there is likely substantial ''cross talk'' among the active zones at a mossy fiber terminal due to both the close proximity of active zones and the lack of intervening glial processes; these factors may promote both the presynaptic diffusion of calcium and the postsynaptic spillover of the neurotransmitter. Overall, the unique features of these mossy terminal synapses may impart their unique function. A mossy fiber synapse may be ''designed to have a higher net probability of release than most other cortical synapses…'' (Henze et al. 2000) , allowing a single granule cell to initiate action potentials in all of the CA3 pyramidal cells that it innervates with its mossy terminals. Or they may establish the subthreshold membrane potential of these neurons; the latter may be enough depolarization to allow NMDA receptor-mediated LTP to occur at regular spine synapses on the CA3 pyramidal cell apical dendrite (Henze et al. 2000) . Interestingly, granule cell mossy fibers actually innervate more inhibitory interneurons in the CA3 region than pyramidal neurons (Acsády et al. 1998 ) and release probability is higher on interneurons, so that granule cells that fire at low frequency will have a net inhibitory output in the CA3 (Lawrence and McBain 2003; Bischofberger et al. 2006) . But when the granule cell fires high-frequency bursts, the net effect on the CA3 will shift to excitation (Lawrence and McBain 2003; Bischofberger et al. 2006) . A good example of this is when a rat moves into the place field of a particular granule cell, causing that cell to fire in short, high-frequency bursts (Henze et al. 2002; Lawrence and McBain 2003) .
Plasticity is controlled very differently in these mossy terminal synapses compared to typical spine synapses in the hippocampus. For example, there is an NMDA receptor independent form of LTP here (Nicoll and Schmitz 2005) . It is easy to conclude that this different mechanism may require some isolation from nearby standard synapses. Also, the mossy terminal synaptic vesicles release large amounts of zinc along with glutamate. This zinc affects the glutamate receptor plasticity at these synapses. It also is unique as a presynaptic ligand because it actually enters the postsynaptic process instead of just binding to a protein on the surface, as other ligands would do (Li et al. 2001 ). In addition, it can enter the postsynaptic neuron via a number of different kinds of channels. This makes it important to keep the space between the mossy terminal and excrescences closed off so that the zinc cannot readily reach adjacent neuronal and glial processes that possess channels capable of transporting it into the cell (Li et al. 2001) . Nevertheless, the zinc does get out eventually; for example in late postnatal (P17-27) rat hippocampal slices, with 100 Hz electrical stimulation of mossy fibers for 2 s, zinc concentration in the stratum lucidum peaks in 5 s, and then spreads to the adjacent part of the stratum radiatum, up to 100 lm, but there is little increase more distally (Ueno et al. 2002) .
Thus, the advantage of invagination of excrescences at mossy terminals in the hippocampus (1) may be to allow precise diffusion of neurotransmitter to effect the unique synaptic mechanism within a mossy terminal, and (2) may help isolate this unique mechanism from the immediate environment.
Why Not Have Spines?
Many kinds of neurons in the mammalian brain have few or no spines (Fig. 1) . If spines provide so many advantages, why are they absent from many neurons? One reason is that presumably spines will not evolve to form in neural circuits if they are not necessary; spines may increase neuron surface area and volume and thus be energy inefficient for the neuron. In addition, circuits that need to be particularly fast may pass currents faster via flat, simple synapses. Examples include rapid relay synapses in sensory circuits and disynaptic inhibitory input to excitatory principal neurons. The medial nucleus of the trapezoid body is an auditory relay nucleus that receives giant glutamatergic calyces of Held on the somas of the glycinergic principal neurons. This synapse serves as a fast relay of the transduced sound signal from the ear, necessary to determine interaural intensity and time differences (i.e., between ears; Nakamura and Cramer 2011), and has a very fast form of AMPA-type glutamate receptor, high in the GluA4 flop subunit; they have a desensitization time of 1.7 ms (compared to 15.2 ms for CA3 pyramidal neurons; Geiger et al. 1995) . Note however that at least during postnatal development (P9 rat), a small number (\6 %) of synaptic contacts in the calyx of Held are on invaginating spines (Sätzler et al. 2002) , similar to what we discussed earlier for the endbulb of Held in the anteroventral cochlear nucleus.
In the forebrain, the lack or paucity of spines on most inhibitory interneurons may contribute to the generation of very fast excitatory postsynaptic potentials (EPSPs; Geiger et al. 1997; Hu et al. 2014) . For example, in the hippocampus, the half duration of EPSPs at granule cellbasket cell (a type of interneuron) synapses is 3.7 ms, while that of synapses between glutamatergic principal neurons is about seven times longer (Geiger et al. 1997) . Not only do spineless synapses avoid the reduction of charge transfer found in spines (as discussed in an earlier section), but the glutamate probably clears more quickly by diffusion from the synaptic cleft in spineless synapses (Geiger et al. 1997) . This fast speed is necessary because the interneuron functions in a disynaptic circuit. For example, in the CA1 region of the hippocampus, Schaeffer collaterals of CA3 pyramidal neuron axons form synapses both on interneurons and pyramidal neurons, so that these GABAergic interneurons can modulate the response of the pyramidal neurons. The interneurons must respond quickly so that they can generate substantial inhibitory conductance in the pyramidal neurons before the latter can generate action potentials (Hu et al. 2014 ).
Pathology of Invaginating and Other Spine Synapses
Dysfunctions of spine synapses have been implicated in a wide range of neurological diseases including Alzheimer's disease, schizophrenia, epilepsy, depression, and neurodevelopmental disorders (intellectual disability, autism spectrum disorders, fragile X-syndrome, Rett syndrome). For the standard spine synapses and their pathology, we refer the reader to recent, comprehensive reviews (Lai and Ip 2013; Sala and Segal 2014; Duman and Duman 2015) . These disorders can lead to a reduction in spine number and/or a change in spine type or connectivity. As an example, a recent study on spine synapse dysfunction and Alzheimer's disease showed that loss of the large, mushroom synaptic spines of the CA1 region of the hippocampus, possibly associated with memory storage, occurs in two (presenilin and amyloid precursor protein) knock-in mouse models of Alzheimer's disease, due to downregulation of a specific, neuronal store-operated calcium entry pathway (Zhang et al. 2015b) .
For the invaginating spine synapses, while it is not entirely clear why some areas of the nervous system have these unique structures, their disruption could be linked to several neurological disorders. For instance, in epilepsy, the invaginating thorny excrescence/mossy fiber terminal synapses of the hippocampus can show profound changes (Nitsch and Rinne 1981; Eid et al. 2002) . In human temporal lobe epilepsy, one characteristic change is the extensive remodeling of mossy fibers and terminals in the hippocampus, notably with abnormal innervation of the inner molecular layer of the dentate gyrus (Sutula et al. 1989; Babb et al. 1991) . The enlarged sprouting mossy fibers form synaptic contacts in this latter area with numerous enlarged, complex, and often invaginating spines that overall resemble the thorny excrescences of mossy terminal synapses of the CA3 and CA4 seen in normal animals (Zhang and Houser 1999) . This suggests that for synapses in the hippocampus at least, spine invagination is induced by mossy terminal formation (Zhao et al. 2012 ; see also Nek et al. 1993 ). Related to this idea, Zhang and Houser (1999) discuss how the formation of the complex, excrescence-like spines (with perforated densities, spinules, invaginating spine processes, and more organelles) indicate synaptic plasticity leading to greater synaptic efficacy. The abnormal formation of these mossy terminal synapses in the molecular layer of the dentate gyrus may contribute to the hyperexcitability that is seen in granule cells of the dentate gyrus in epilepsy. There also are changes in the mossy terminal synapses in the CA3 and CA4 of epileptic humans, including the appearance of a variety of invaginating spines and excrescences where there is an increased expression of the GluR1-containing AMPA receptors, and this probably contributes to the increased excitation of these neuronal pathways (Eid et al. 2002) . Other conditions, such as in animals under chronic stress, can induce a shrinkage or even retraction of the thorny excrescences in the CA3 hippocampus (Stewart et al. 2005) .
Similarly, changes and dysfunctions in the invaginating spines and associated processes of the synaptic structure in the photoreceptors have been reported in a number of retinal diseases in humans, such as various forms of macular degeneration (Weber et al. 2002; Sullivan et al. 2007 ). In the retina of age-related macular degeneration, which may affect 20-50 % of people C75 years old, the displacement of rod photoreceptor synapses appears prominent (Sullivan et al. 2007 ). The multiple, invaginating postsynaptic processes in these displaced rod synapses appear to originate only from bipolar neurons, whereas normal rod postsynaptic processes originate from both bipolar and horizontal cells. Other aging-associated pathologies of the retina also include abnormalities in the photoreceptor synaptic regions (Nag and Wadhwa 2012) . Among the retinal dystrophies, retinitis pigmentosa is probably the most common, and involves the loss of photoreceptors themselves, beginning with the rods of the peripheral retina (Berson 1993) . But in cone-rod dystrophy, which initially affects the central retina, the cone photoreceptor pedicles with invaginating postsynaptic processes seem to be particularly affected and are visibly distorted (Gregory-Evans et al. 1998 ). Neuromol Med (2016 In the deaf white cat model of congenital deafness, the invaginating somatic spines and associated structures in the endbulbs of Held of the anteroventral cochlear nucleus are reduced in size and extent in early postnatal deaf cats (Baker et al. 2010) . These changes appear prior to obvious abnormal changes in the cochlea itself, and could be due to a disruption of spontaneous discharges in the auditory nerve.
These examples of neurological disorders reveal an association of the pathology with invaginating spine synapses. Despite this correlation, however, it is not clearly known whether the pathology of the invaginating spines is a by-product of the neurological diseases or if the damaged invaginating spines cause these diseases. It also remains to be investigated whether the specific architecture of the invaginating spines makes them sensitive and vulnerable to certain disease-inflicted insults. We have suggested in this review that the degree of spine invagination may be related generally to overall synaptic activity and plasticity of the terminal. This would be consistent with the disruptions seen in many of the pathologies discussed above, all of which seem to involve large, complex presynaptic terminals with large populations of synaptic vesicles (i.e., mossy, photoreceptor, and endbulb terminals). However, we also have discussed more specific functions of the invaginating spine related to increased precision in signaling, such as the control of spillover of neurotransmitters and isolation from the influence of other chemical factors in the local environment. But we do not really know yet whether the invagination is critical to this and whether this is the factor most affected in pathologies. The knowledge of the invaginating spine synapses, from their evolutionary history to their ultrastructural characteristics, should raise interest and excitement in understanding both their roles in normal physiology and pathological conditions.
Conclusions
Based on the available, albeit limited, information on spine synapses in invertebrates and non-mammalian vertebrates, we suggest that there are two basic functional kinds of spine synapse: invaginating spine synapses appeared first in the evolution of the nervous system and then non-invaginating spine synapses appeared in the first brains. The earliest synaptic contacts probably had no spines, and the spineless chemical synapse still is common throughout all animal groups. But early in animal evolution, some chemical synapses became more complex by forming a spine on the postsynaptic process and invaginating this spine into the presynaptic process. Some sponges (Porifera), though they lack any definitive nervous system with chemical synapses, have cells that extend long processes and these can bear small invaginating, spine-like processes. Whether or not these structures are common, they open the possibility that invaginating spines were capable of developing readily along with the first true chemical synapses, which already are prevalent and diverse in the Ctenophora and Cnidaria. Ctenophores do not seem to possess any definitive spine synapses, but in any case, ctenophore evolution is problematic. The few spine synapses that have been described so far in Cnidaria, possess invaginating spines. They are found in cnidarians known either for their superior vision or unusual, active prey capture behavior. This suggests that invagination of spines may be an adaptation for some more advanced behaviors in the Cnidaria. The association of these invaginating synapses with photoreceptor neurotransmission is particularly interesting, for there is a tendency toward invaginating synapses in photoreceptor neurotransmission in higher invertebrates and most vertebrates. This also seems to be a trend in the evolution of advanced mechanoreception associated with hearing, balance and rapid motion sensing (e.g., gill-withdrawal reflex in the sea hare). In addition, vertebrates have invaginating synapses associated with a number of neural pathways.
The advantages of the invaginating spine have not been well studied. We have suggested that studies on some mammalian invaginating spine synapse systems, such as the hippocampal mossy fiber-thorny excrescence synapse and retinal synapses, indicate that the invagination helps regulate the degree of neurotransmitter spillover and activation of receptors at various distances from the release site. It also helps regulate the levels of various controlling ions such as calcium and zinc. The invagination promotes the passage of some neurotransmitters and ions within it, but it also protects the synapse from other, extrinsic sources of molecules and ions by sealing in the synaptic area entirely within the presynaptic terminal. Our discussion of pathologies of invaginating synapses further support the contribution of the invagination to the proper function of these neural circuits.
Finally, we suggest that the proliferation of non-invaginating spine synapse coincides with the evolution of the bilaterally symmetrical animal and the brain, with the simplest examples in the flatworms. Thus, as the nervous system and its component neurons evolved greater complexity to adapt to the consequences of bilateral symmetry, i.e., cephalization and more directed locomotion, it formed into a true brain and one or more associated nerve cords. The interconnection of neuron processes became more complicated in the brain, and spine synapses were one adaptation to facilitate its function. Otherwise, whether non-invaginating or invaginating, the synaptic spine morphology has changed little in evolution, evolving greater structural complexity only in a few animal groups, such as the addition of the spine apparatus in the larger spines of the forebrain of mammals.
